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ABSTRACT
The technique o f p e rtu rb a tio n  spectroscopy has been app lied  to  
study the argon ion la s e r  d ischarge. In tliis  technique the la s e r  
ra d ia tio n  f ie ld  p resen t w ith in  the ac tiv e  medium is  sw itched on and 
o f f ,  and th is  modulates the popu la tion  o f tlie upper la s e r  le v e l.
By studying the magnitude o f these  modulations as discharge 
cond itions w ith in  the ac tiv e  medium are changed, the population
inversions on the 4p2D$ /2  -  4s%P3/2  and 4p^Ds/ 2  ^s^Pg/g la s e r
t ra n s i t io n s  have been explored. By study ing , in  the presence o f 
an app lied  magnetic f ie ld ,  die p o la r iz a tio n  induced in  the 
spontaneous em ission s id e l ig h t  through these m odulations, the l i f e ­
time o f the 4p^Ds/2- upper la s e r  le v e l has been estim ated . By 
studying  the popu la tion  changes induced on o th e r  4p and 4d lev e ls  
as a consequence o f  the  popu la tion  change on tlie upper la s e r  le v e l ,  
the r e la t iv e  importance o f various proposed e x c ita t io n  mechanisms 
fo r  die 4p upper la s e r  lev e ls  have been assessed .
The popu la tion  in versions (1 - #1^ 2/ 82^ 1 , where i s  the 
population  o f  the upper la s e r  lev e l and N2 . the  popu la tion  o f the
lower la s e r  lev e l)  on the 4p^Ds/2  -  4s^P3/2  and 4p^Ds/2  -  4s^P3/2
t r a n s i t io n s  o f  Ar I I  are  destroyed  by in c reas in g  the argon p ressu re  
above 0.2 - 0 .3  T orr, and fo r  h ig h er p ressu res  the imdium ex h ib its  
absorption* Both popu la tion  inversions in crease  slow ly w ith  
discharge c u rre n t. By using  a flow graph technique to  analyse the  
population  in v e rs io n s , th is  l a t t e r  i s  shown to  imply th a t  the  e le c tro n  
tem perature in  the d ischarge in creases  w ith c u rre n t.
The p o la r iz a tio n  experim ents have been analysed by both  a 
simple ra te  equation  tre a tm en t, and by a more conplete approach 
based on Lamb th eo ry . This l a t t e r  trea tm en t dem onstrates th a t  the 
dependence o f  p o la r iz a tio n  r a t io  on magnetic f i e ld  can be used to  
determine the l ife t im e  o f  the  upper la s e r  le v e l .  P o la r iz a tio n
ra tio s  on the 4p2Ds/2 “ 452P 3/2 and 4p'^Ds/2 -  t ra n s i t io n s
have been measured as a function  o f discharge param eters and app lied  
ax ia l magnetic f ie ld .  From the v a r ia t io n  o f p o la r iz a tio n  r a t io  w ith 
magnetic f i e ld ,  the life tim e  o f the 4p^Ds/2 le v e l o f Ar I I  under , 
d ischarge conditions has been estim ated .
Tlie p e rtu rb a tio n s  in  the populations o f  o th e r 4p and 4d le v e ls  
o f  Ar I I  re s u l t in g  from the  m odulation o f  the upper la s e r  le v e l have 
been measured as a fu n ctio n  o f  discharge param eters. T heir 
magnitudes and dependence on discharge cu rren t provide d ire c t  
evidence th a t  an im portant e x c ita t io n  pathway fo r  the 4p upper la s e r  
le v e ls  o f Ar I I  i s  s tep  wise e x c ita tio n  through the q u a r te t  4s 
le v e ls  o f  Ar I I .
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ABSTRACT
The technique of p ertu rb a tio n  spectroscopy has been applied to  
study the argon ion la se r  discharge. In th is  technique the la se r  
rad ia tio n  f ie ld  p resen t w ith in  the ac tive  medium is  switched on and 
o ff , and th is  modulates the population o f the upper la se r  lev e l.
By studying the magnitude of these modulations as discharge 
conditions w ith in  the ac tive  medium are changed, the population 
inversions on the ^p^Dg/z -  4s^P3/2 and 4p^D$/2 “ 4s%P3/2 la se r  
tra n s itio n s  have been explored. By studying, in  the presence of 
an applied  magnetic f ie ld ,  the p o la riz a tio n  induced in  the 
spontaneous emission s id e lig h t through these m odulations, the l i f e ­
time o f the 4p^D5/2 upper la s e r  le v e l has been estim ated. By 
studying the population changes induced on o ther 4p and 4d levels  
as a consequence o f  the population change on the upper la se r  le v e l, 
the re la tiv e  inportance o f various proposed e x c ita tio n  mechanisms 
fo r the 4p upper la s e r  levels have been assessed.
The population inversions (1 -  giN2/g 2Ni, where is  the 
population o f the upper la s e r  lev e l and N2 the population o f the 
lower la s e r  level) on the 4p^Dg/2 -  4s^P3/2 and 4p^Ds/2 - 4s2P3/2 
tra n s itio n s  o f Ar I I  are destroyed by increasing  the argon pressure 
above 0.2 - 0 .3  Torr, and fo r h igher pressures the medium exh ib its  
absorption. Both population inversions increase slowly w ith 
discharge cu rren t. By using a flow graph technique to  analyse the 
population inversions, th is  l a t t e r  is  shown to  inply th a t the e lec tro n  
temperature in  the discharge increases with cu rren t.
The p o la riz a tio n  experiments have been analysed by both a 
simple ra te  equation treatm en t, and by a more complete approach 
based on Lamb theory. This l a t t e r  treatm ent demonstrates th a t the 
dependence o f p o la r iz a tio n  r a t io  on magnetic f ie ld  can be used to  
determine the life tim e  o f the upper la se r  lev e l. P o la riza tio n
ra tio s  on the 4p^Ds/2 - 4s%P3/2 and 4p^D5/2 - 4s^p3/2 tra n s itio n s  
have been measured as a function o f discharge parameters and applied 
ax ia l magnetic f ie ld .  From the v a ria tio n  o f p o la riz a tio n  r a t io  w ith 
magnetic f ie ld ,  the life tim e  of the 4p^Ds/2 lev e l of Ar I I  under 
discharge conditions has been estim ated.
The pertu rba tions in  the populations o f o ther 4p and 4d levels  
of Ar I I  re su ltin g  from the modulation o f the upper la s e r  lev e l have 
been measured as a function o f discharge param eters. Their 
magnitudes and dependence on discharge cu rren t provide d ire c t 
evidence th a t an im portant ex c ita tio n  pathway fo r the 4p upper la s e r  
leve ls  of Ar II  is  s tep  wise e x c ita tio n  th ro u ^  the q u a r te t 4s 
lev e ls  o f  Ar I I .
TABLE OF CONTENTS
Chapter 1 In troduction  and p rin c ip le s  of experiment
1.1 In troduction  1*2 - .1 .4
1.2 Format . 1.4 - 1.5
1.3 . P ertu rbation  spectroscopy o f th ree  lev e l
system • . ' 1.5 -  1.9
1.4 H is to ric a l review 1 , 9 - 1 . 1 8
References 1.19 - 1,20
Figures
Chapter 2 Exjperimental d e ta i ls
2.1 Argon ion la se r  2.2 -  2.5
2.2 D etection system * 2.5 -  2.9
References 2,10
Figures ' ■
Chapter 3 Measurement of population inversions
3.1 In troduction  3^2 *
3.2 Theory 3.2 -  3.9
3.3 Experimental observations ' 3.9 -  3.17
References 3.18
Tables
Figures
Chapter 4 P o la riza tio n  in  p ertu rb a tio n  spectrum
4.1 In troduction  4.2
4.2 T heoretical ana lysis  by ra te  equations . - ' 4.2 - 4 . 8
4.3 Sem iclassical treatm ent o f p o la r iz a tio nI ' . '. :
r a t io s  4 , 8 - 4 . 1 8
4.4 Experimental r e s u lts  4.19 - 4 . 2 2 /
4.5 In te rp re ta tio n  and conclusions 4 .2 2 - 4 .2 4
References 4.25
Tables
Figures ' : ,
Chapter S P ertu rbations on 4p and 4d tra n s itio n s
5.1 In troduction  5.2
5.2 Experimental re su lts  5.2 - 5.5
5.3 Coupling mechanisms fo r 4p and 4d
pertu rba tions 5.5 -  5.13
5.4 Conclusions on e x c ita tio n  mechanisms 5 .1 3 - 5 .1 4
5.5 Mode in te ra c tio n s  5 ,1 4 - 5 .1 6
References ■ 5.17
Tables • '
Figures '  ^ •
Appendix A Review of argon ion la se r
A .l H is to rica l in troduction  - A .2 -  A .7
A.2 Tie argon ion
A.2.1. Ar I I  energy lev e ls  ' A .7 -  A .9
• A .2.2. T ran sitio n  p ro b a b ilit ie s  A.9 -  A.12
A. 3 Argon la se r  discharge
A .3 .1 , Gas atom density   ^ A. 12 -  A. 13
A.3.2 Mean free  p a th s , Debye length  A. 13 -  A. 14
A.3.3 Gas tem perature A.14 -  A.15
A.3.4 Ion tem perature " A.15,
A .3.5 E lectron  d ensity  A.15 -  A. 16
A.3.6 E lectron  tem perature A.16 -  A.18
: ■
A.3.7 D rift v e lo c itie s  . A.18 - A .21
A .3.8 Homogeneous linew idths A .21 -  A.25
A .3.9 Level populations A.25 - A .28
A,3.10 Radial p ro f i le s  A .28 -  A .29
A.3.11 Laser power output A.29
A. 4 E x c ita tio n  mechanisms A .30 -  A .36
References A.37 -  A.40
Tables
Figures
Appendix B Flow graphs
B .l In troduction  B.2
B.2 Construction o f flow graph B.2 -  B.4 :
B.3 Topographical method B .4 - B .5
B.4 A naly tical method B.5 -  B.7
B.5 Flow graph fo r  closed system B.7 -  B.8
References . . B .9 ' ,
Figures ^
\ \
1CHAPTER 1
INTRODUCTION AND PRINCIPLES OF 
EXPERIMENT
1.2
1.1 In troduction
When a la se r  o s c il la te s  the emission of coherent rad ia tio n  
c o n s titu te s  an ad d itio n a l process o f energy loss from the ac tiv e  medium. 
This loss process i s  extremely se le c tiv e  in  th a t the coherent output 
power is  supplied  only by a net increase in  the ra te  a t  which ra d ia tiv e  
tra n s itio n s  take place downwards from the upper to  the lower la se r  
lev e l; the process o f  stim ulated  emission being responsible fo r th is  
in c re a se . As a consequence la s e r  o s c il la t io n  depopulates tlie upper
i-  ■ •
la s e r  lev e l and can populate tlie lower la se r  le v e l, bu t these are tlie 
only d ire c t changes produced in  the ac tive  medium (f ig . 1.1)
I f  changes are  observed in  the  populations of o ther le v e ls , tlien 
these imply the presence, in  the ac tive  medium, o f coupling mechanisms 
(e ith e r  ra d ia tiv e  or c o llis io n a l)  linlcing such lev e ls  to  the la s e r  le v e ls . 
Thus by tlie simple procedure of a lte r in g  the  coherent rad ia tip n  density  
in  the ac tive  medium and studying the pertu rbations so produced in  
tlie energy lev e l populations, fo r example by em ission spectroscopy, 
microscopic processes w ith in  the active medium can be investiga ted .
Further, a d e ta ile d  study o f the d ire c t population change on 
the upper la s e r  lev e l and i t s  dependence on coherent rad ia tio n  density  
can be used to  determine population  inversions and la s e r  lev e l l i f e ­
times .
In  p r in c ip le  tlie technique is  c lo se ly  re la te d  to  conventional 
o p tica l pumping experiments, where spontaneous emission rad ia tio n  from 
a pumping lamp is  used to  s e le c tiv e ly  perturb  the populations o f the 
energy levels  under in v es tig a tio n .
This th esis  i s  about the ap p lica tio n  of the technique, to  be 
c a lle d  p ertu rb a tio n  spectroscopy^, to  a study of the argon ion la se r ,  
but the p rin c ip le s  involved have a more general ap p lica tio n  to  o ther 
la se r  systems.
1.3
In the argon Ion la se r  the ac tive  medium is  a high curren t discharge 
(100 Acm“^) in  low pressure argon (100 mTorr), and, in  common with 
gas discharges in  general, the d e ta ile d  microscopic processes occurring 
are  numerous and com plicated. However, in  in v estig a tin g  the discharge 
as thé  ac tiv e  medium o f a la s e r ,  in te re s t  is  centered on those processes 
responsible fo r the c rea tio n  of the  population inversions between upper 
and lower la se r  le v e ls . The ap p lica tio n  of pertu rba tion  spectroscopy 
in  th is  context i s  p a r t ic u la r ly  appropriate  since i t  enables processes 
d ire c tly  involving the  la s e r  levels  to  be s tud ied .
The coherent ra d ia tio n  th a t  pertu rbs the ac tiv e  medium can e ith e r  
be se lf-g en era ted , i . e .  the  active medium under study is  enclosed w ith in  
the o p tica l cav ity  and is  i t s e l f  the source of the rad ia tio n  ( f ig . 1 . 2a ) , 
o r be generated by a separate  la s e r  which illum inates an ex ternal 
sample o f ac tiv e  medium ( f ig .  1 .2 b ) . I t  should be re a lise d , of course, 
th a t  in  general the  la s e r  used fo r the illum ination  must have a s im ila r 
ac tive  medium to  th a t  under in v e s tig a tio n , since chance coincidences 
between d iffe re n t o p tic a l tra n s itio n s  w ith in  s u ff ic ie n tly  close lim its  
fo r an in te ra c tio n  are r a re . (The recent advent of tunable la se rs  has, 
however, removed th is  r e s t r ic t io n  - see, for example, Demtroder (1973)33).
Each arrangement has i t s  advantages. Since the coherent power 
lev e l w ith in  the  la s e r  cav ity  exceeds th a t  ou tside , la rg e r  pertu rbations 
can be produced under optimum conditions with the former method.
However, th is  method has tlie disadvantage tlia t the ac tiv e  medium can 
only be in v estig a ted  when a population inversion  e x is ts ,  since i t  is  
only then th a t coherent ra d ia tio n  is  generated, whereas by using an 
ex ternal la se r  the ac tive  medium can be in v estig a ted  over an extended 
range o f discharge param eters. Both experimental arrangements have 
been used in  the s tu d ies  reported  here .
Three aspects o f the  p ertu rb a tio n  spectroscopy o f the argon ion
1.4
la se r  have been in v e s tig a te d ,. namely:
(i) The measurement o f population inversions by monitbrahg the  
pertu rbations on tra n s itio n s  o r ig in a tin g  from the upper la se r  le v e ls .
This method enables the change-over in  the ac tiv e  medium from o p tic a l 
gain to  absorption to  be explored.
( i i )  P o la r!za tid n  e ffe c ts  in  the; pertu rba tion , spectrum which ■ 
occur as a consequence of the  l in e a r  p o la r iz a tio n  o f the la s e r  ra d ia tio n .
Such e ffe c ts  enable le v e l life tim es  to  be .investigated .
( i i i )  P ertu rbations in  the populations o f .th e  4p and 4d levels  
o f A ril due to  o s c il la t io n  on a s in g le  4p - 4s la s e r  t r a n s i t io n .
E x c ita tio n  and coupling mechanisms in  the discharge are s tud ied  by 
th is  method.
1.2 Format
Before considering in  d e ta i l  the work on the argon ion la s e r ,  the 
influence of la se r  o s c il la t io n  on the spontaneous em ission spectrum o f 
a simple three le v e l system i s  d iscussed in  the next sec tio n  (d il,,§ 3 ).
Tie aim is  to  introduce the ra te  equation approach used in  the analysis  
of p e rtu rb a tio n  sp ec tra , and to  demonstrate more p rec ise ly  the power 
of the technique in  studying population inversions and coupling mechanisms. 
This sec tio n  is  then followed by a h isto rica l;.rev iew  o f p ertu rb a tio n  
spectroscopy; the  purpose being to  consider app lica tions to o ther la se r  
systems and to place the p resen t work on the argon ion la se r  in  c o n te x t. .
A d esc rip tio n  of the experimental apparatus and a d iscussion  of 
the design and co nstruc tion  o f quartz argon ion la se rs  are  the sub jec ts  
o f c h .2. D etailed  considerations o f the population inversion , p o la r iz a tio n  
and coupling mechanism stu d ies  are then given in  chs.3 , 4 and 5 re sp ec tiv e ly . 
Conclusions regarding these s tu d ies  are  summarized in  the appropriate ch ap te r,
A review o f experimental and th e o re tic a l in v estig a tio n s  on the 
argon ion  la se r  is  presented  in  Appendix A. This provides the necessary
background fo r the  in te rp ré tâ t ional work included in  chs.3 , 4, and
5. ■
. For convenience a flow chart is  included wliidi summarizes 
the  format of the th e s is  ( f ig .  1 .3 ) .
1.3 P ertu rba tion  spectroscopy o f a th ree  lev e l system
The sim p lified  s i tu a t io n  to  be considered is  i l lu s t r a te d  in
f ig .  1 .4 , in  which th ree  energy levels  are  considered e x p l ic i t ly .
Level 1 i s  the upper la se r  lev e l (population Ni v q l” ^), lev e l 2 i s  
the lower la se r  level (population N2 vol"“^) and lev el m is  a general
level (population N vo l“ )^ which is  assumed to  be coupled to  the
upper la se r  lev e l by e i th e r  ra d ia tiv e  or c o ll is io n a l p ro cesses .
Two aspects are  to be considered:
(i) the influence o f la se r  o s c il la t io n  on the population of the 
general lev e l m, and
( i i )  the  influence of la s e r  o s c il la t io n  on the population o f the  
upper la se r  lev e l i t s e l f .
The life tim e  o f the upper la s e r  level fo a l l  ra d ia tiv e  and c o ll is io n a l 
decay processes, except s tim u la ted  emission and coupling to  lev e l m, i s  
. The upper la s e r  lev e l is  assumed to be pumping lev e l m a t  a ra te  
Rijn' (voi“ ^) and to  be pumped by th a t  level, a t  a r a te  R^ ii (vol“^) where
^mi ^mi ^m >
(1.1)
and the c o e ffic ien ts  p and depend on the d e ta ils  o f  the coupling 
p ro cesses . The ne t r a te  of ex c ita tio n  of the upper la se r  lev e l by a l l  
remaining processes i s  described by the ra te  c o e ff ic ie n t R i(v o l" i) .
The lower la s e r  le v e l has a corresponding, l i f e  time Tg and is  
not coupled to  the lev e l m. I t  i s ,  however, pumped by spontaneous 
rad ia tiv e  decay o f the upper la s e r  lev e l a t  a ra te  where A12 is
the associa ted  t r a n s i t io n  p ro b ab ility  (E inste in  A -c o e ff ic ie n t) . I t  is
1.6
p a r tic u la r ly  im portant, as w ill  be seen sh o rtly , th a t  th is  process is  
considered e x p l ic i t ly .  A ll o ther e x c ita tio n  processes fo r  the lower 
la se r  lev e l are  described by the ra te  c o e ffic ie n t Rg(vol"^).
The life tim e  and ra te  of e x c ita tio n  of the general lev e l are 
and R^ resp ec tiv e ly . Botli these q u a n titie s  do not take in to  account 
coupling to  the upper la s e r  le v e l, th is  being described separa te ly  by 
equations (1 .1) above.
In the absence o f la s e r  o s c il la t io n  the equations describing the 
steady s ta te  populations o f the th ree  energy lev e ls  are
Ri + (Rm: - Rim) “
Ai2Ni + Ra = N2T2-1 (1 .2)
\  + (Rim - Rmi) = •
I f  the system is  now operated as a la s e r ,  the ne t increase in  the number 
of downward tra n s itio n s  from the upper la se r  lev e l to  the lower la se r  
lev e l when coherent power P per u n it volume is  ex trac ted  is
L = P(hvi2)~*. (1.3)
As a consequence o f th is  ad d itio n a l lo ss  process the lev e l populations 
are perturbed by amounts 6N and the modified equations describ ing the  
steady s ta te  populations in  these circumstances become
Rl + ^ “• L = (Ni + ôNj) t j“^
A l 2  ( N i  +  ô N i )  +  R 2  "F L  “  ( N 2  +  ô N 2 ) t ^ “ ^
\  Plm(” i üNi) -  P^i(N^ + • (1-4)
I f  the coupling between the upper la s e r  level and the general 
lev e l is  assumed to  be weak ( i . e .  << e tc ) ,  then the pertu rbations
in  the lev e l populations can be obtained by elim ination  between (1.4) 
and (1 . 2) as
ôNj^  = - LT^
ÔN2 = + Lt^(1 - Ai2Tj) (1.5)
1.7
The pertu rbations in  lev e l populations produce changes in  the 
spontaneous emission s id e lig h t assoc ia ted  w ith the le v e ls , the r e la t io n  
being
° G Apq , (1-6)
where i s  the E in s te in  A -co effic ien t fo r the t ra n s i t io n  p to  q and 
G is  a fa c to r  describ ing the  geometry of the l ig h t  c o lle c tio n  system. 
From (1 .2 ), (1.5) and (1.6) the following may be deduced
The l e f t  hand side is  ju s t  the ra tio  of the f ra c tio n a l change in  the 
in te n s ity  of the spontaneous emission from the general lev e l m to the 
f ra c tio n a l change in  the in te n s ity  of the spontaneous emission from 
the upper la s e r  l e v e l . The r ig h t hand side i s  the f ra c tio n a l pumping 
of the general lev e l m due to  i t s  coupling w ith  the upper la s e r  le v e l.
The l e f t  hand side o f (1.7) is  measured experim entally. Since i t  
involves only ra t io s  of in te n s i t ie s  measured a t  the same wavelength, 
c a lib ra tio n  of the  geometry o r the sp e c tra l response of the apparatus 
is  not necessary. The coupling mechanism between the  lev e ls  can th e re ­
fore be read ily  stud ied  in  d e ta il  by investigating , how the r a t io  in  
(1.7) a l te r s  as discharge conditions are a lte re d .
I t  i s  of course also  possib le  to  analyse measurements using (1.5) 
but in  th is  case the sp e c tra l response of the de tec tio n  apparatus must 
be known. The approach adopted depends very much on the energy lev e ls  
under in v estig a tio n  and the inform ation required .
The assumption o f weak coupling made in  deriv ing (1.5) and (1.7) 
is  equivalent to  the condition << , and i s  a v a lid  approximation
for a l l  the measurements made on the argon ion la se r  reported  here.
The type of inform ation about the discharge th a t  can be obtained 
from p ertu rb a tio n  spectroscopy depends very much on the energy lev e l 
s tru c tu re  of the p a r t ic u la r  ac tive  medium under in v e s tig a tio n . I t  w ill  
be demonstrated in  ch. 5 th a t  in  the case of the argon la se r  the coupled
energy lev e ls  are such th a t  inform ation about e x c ita tio n  pathways fo r 
the population inversions may be obtained.
Expression (1.5) shows th a t  when the life tim e  of the upper la s e r  
lev e l is  determined so le ly  by i t s  rad ia tiv e  decay to  the lower la se r  
level ( i . e .  = 1) ,  there is  no change, to  f i r s t-o rd e r ,  in  the
population of the lower la s e r  lev e l through the onset of la se r  o s c il la t io n . 
While not of in te re s t  to  the p resen t stud ies on the argon ion la s e r ,  since 
tra n s itio n s  from the lower la s e r  lev e ls  were not monitored being in  the 
fa r  UV (20QS), i t  does in d ica te  th a t  the teclmique could be used as a 
p a r tic u la r ly  se n s itiv e  method fo r de tecting  the influence of environmental 
e ffe c ts  (e .g . c o llis io n s )  on upper la se r  lev e l life tim e s .
Solution o f the ra te  equations (1.2) and (1.4) can be f a c i l i ta te d
2by use o f a flow graph technique proposed by M aitland and Dunn 
(Appendix B). The so lu tio n  fo r the case of the general lev e l population 
using th is  technique i s  given in  f ig .  1 .5 .
F in a lly  in  th is  sec tio n  the re la t io n  between the p e rtu rb a tio n  of 
tlie upper la s e r  lev e l population (N[) and the population inversion  is  
discussed, i . e .  the parameter L in  equation (1.3) is  determined.
Consider the experimental arrangement shown in  f ig .  1.2(b) where 
the ac tive  medium under in v es tig a tio n  is  illum inated  by a separate 
rad ia tio n  source, and l e t  the in te n s ity  of the coherent rad ia tio n  in  
the ac tiv e  medium be I. Then the add itio n al process o f stim ulated emission 
increases the depopulation r a te  (vol~^) of the  upper la s e r  lev e l by
KINi/gj , (1 . 8)
where K i s  a constant depending on the linew idth  of the la s e r  ra d ia tio n , 
the linew idth of the tra n s i t io n , the E in ste in  B c o e ff ic ie n t, e tc .  (cli3,§2) . 
and gj i s  the s t a t i s t i c a l  weight of the upper la s e r  le v e l. At the same 
time there  i s  a lso  absorption occurring which depends on the population 
of the lower la s e r  le v e l and leads to  a pumping ra te  fo r the upper lev e l
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of
KINg/gg . (1 .9)
The net ra te  of depopulation of the upper la s e r  lev e l is  therefo re  
KI(Ni/gi - N^/gz) , (1 .10 .^
so th a t the upper la s e r  le v e l population in  the presence o f la se r  
ra d ia tio n  is  described by the ra te  equation
R] = N i x r ’ + KICNi/gi)Cl - g'.Nz/gzNi) . (1.11)
From th is  i t  may be seen tlia t the f ra c tio n a l population change due
to  illum ination  o f the a c tiv e  medium is
(6N1/N 1) = -  (1 -  giNz/gzNi) , (1 . 12)
Thus i f  the population of the upper lev e l decreases when the
active  medium is  illum inated , th is  implies the existence of a population
Iinversion  (g^Ni > gjNz), wherqas i f  th e  population increases on illu m in atio n  |
Ith is  implies a condition  of absorption  (gz^i < gi^z)  • By evaluating  the I
constant in  (1 .10) (see ch3 ,§2) th e  magnitude of the population inversion  |
can be ca lcu la ted . The population  change on the upper la se r  lev e l is  '
most conveniently monitored by observing tlie spontaneous emission s id e- j
l ig h t  due to tra n s itio n s  o rig in a tin g  from the le v e l. 1
As a consequence of the l in e a r  p o la riz a tio n  of tlie la s e r  ra d ia tio n , i
the change in  in te n s ity  o f the spontaneous emission rad ia tio n  due to  '
the p ertu rb a tio n  of the upper la s e r  lev e l population also  ex h ib its  |
p o la riz a tio n ; i . e .  the populations o f the d if fe re n t magnetic sublevels :
of the upper la se r  lev e l are influenced to  d iffe re n t ex tents by the 
p o la riz ed  la se r  ra d ia tio n . This aspect is  tre a te d  in  d e ta il  in  c h .4. :
1.4 H is to ric a l review o f p e rtu rb a tio n  spectroscopy
The f i r s t  rep o rt of the influence of la s e r  o s c il la t io n  on the
spontaneous emission from a la s e r  discharge is  tlia t o f White and Rigden 
(1963)^ who in v estig a ted  e ffec ts  in  the He-Ne la se r . Their work was 
concerned w ith  the  influence o f la s e r  o s c il la t io n  a t  3.39% (3s 2- 3pj^neon)
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and 6328^ (3s 2“2pt^  neon) on the spontaneous emission s id e lig h t from 
tra n s itio n s  o rig in a tin g  on the 3p% neon le v e l. The teclmique was not 
a t  th is  stage used fo r  any sp e c ific  diagnostic  purpose. Freiberg 
e t a l (1965)^ proposed tlia t the  e f fe c t might be used as a covenient 
means of monitoring changes in  in fra -re d  power outputs w ith  the use 
of only v is ib le  ra d ia tio n  d e tec tio n  apparatus, since some of the 
accompanying changes in  the spontaneous emission spectrum occur a t 
o p tica l wavelengths.
Parks and Javan (1964,1965)^’  ^ were the f i r s t  to  apply p e rtu rb a tio n  
spectroscopy to  a serious study of c o ll is io n  processes in  the He-Ne 
la s e r .  They determined the atomic c o ll is io n  cross sec tio n  fo r e x c ita tio n  
tra n s fe r  between the c lo se ly  spaced 2s2 and 2s 3 lev e ls  of neon using
a la se r  o s c il la t in g  a t  1.15% (2s 2~2pi|) .
7Waksberg and Carswell (1965) reported  in te n s ity  changes on a 
large number o f neon tra n s itio n s  due to  la s e r  o s c il la t io n  a t  6328& in  
the He-Ne la se r ,  and th is  work was extended by Weaver and Frieberg
(1966)^ to a more d e ta ile d  study of rad ia tiv e  and c o ll is io n a l p rocesses. 
Changes in  in te n s ity  of some eighteen tra n s itio n s  o rig in a tin g  on the 
3s 2“3s 5 , 3pi-3pio> 2s 2- 2s 5 and 2p i - 2p|o lev e ls  of neon were s tud ied  in  
tlie He-Ne discharge o s c il la t in g  a t  e itlie r  3.39% ,1.15% or 6328.8. The 
observed population changes were compared with those ca lcu la ted  on the 
basis  of ra d ia tiv e  cascade coupling between the neon le v e ls , using 
tra n s i t io n  p ro b a b ilit ie s  duo to Faust and McFarlane. Deviations between 
observed and ca lcu la ted  pertu rba tions were assigned to  c o llis io n a l 
couplings between the le v e ls .  On th is  basis  there was evidence of 
s ig n if ic a n t c o ll is io n a l mixing between levels  w ith in  the 3s2,-3s 5 , Sp^-Spig 
and 2pi“2pio groups. The observation o f pertu rbations on higher energy 
' leve ls  than the la s e r  lev e ls  ind ica ted  th a t e lec tro n  impact e x c ita tio n  
from the 3s2 lev e l was a lso  tak ing  p lace . Despite the q u an tita tiv e  
nature o f the re su lts  no attem pt was made to  estim ate c o ll is io n  cross
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sections fo r th e  proposed p ro cesses .
A po in t of concern regarding the re su lts  of Weaver and Frieberg, 
which i s  not considered in  th e ir  paper, i s  th a t in  c e r ta in  cases tra n s itio n s  
o rig in a tin g  on a common upper lev e l ind ica te  d iffe re n t population changes 
fo r th a t  le v e l. Whether these inconsistencies are due to  an inadequate 
knowledge of the t ra n s i t io n  p ro b a b ili t ie s ,  to  the de tec tio n  apparatus, 
or to  l in e  absorp tion  e ffe c ts  in  the discharge is  not made c le a r .
qGarscadden and Adams (1966)“ by monitoring changes in  the discharge 
curren t due to  la s in g  have demonstrated th a t  e lec tro n  impact io n iza tio n  
from the 3sg neon lev el is  a lso  occurring under the discharge conditions 
in  the He-Ne la se r .
Khaikin (1967)^^ as w ell as in v estig a tin g  c o ll is io n a l mixing 
between the Ssg-Ssg neon le v e ls , s tud ied  e lec tro n  impact e x c ita tio n  
from tlie Ssg lev e l to  h igher neon lev e ls  in  more d e t a i l . The p rin c ip a l 
levels  pumped by th is  process were found to  be the 4 s^ ' - 4s^’ ' ’ and 
5S) ”  * - 5S] ’ ’ ' ’ lev e ls  and e x c ita tio n  ra te s  were ca lcu la ted  fo r both se ts
of le v e ls . Khaikin a lso  obtained evidence th a t e lec tro n  impact de­
e x c ita tio n  is  comparable to  ra d ia tiv e  d e -ex c ita tio n  not only fo r these 
higher neon lev e ls  bu t a lso  fo r the 3sg lev e l i t s e l f .
Tie helium-neon system has also  been in v estig a ted  by H^nsch and 
Tbschek (1966)^^ and C sillag  e t  a l  (1968)^^. Both groups examined the 
sa tu ra tio n  of th e  p e rtu rb a tio n  spectrum w ith increasing  coherent rad ia tio n  
density  in  the ac tiv e  medium in  order to  determine re la t iv e  l ife tim e s , 
t ra n s i t io n  p ro b a b ili t ie s  and pumping ra te s  fo r the neon la se r  levels 
(Zp.,-352, 6328% ( c h i ,§3).
In summary, th e re fo re , ra d ia tiv e  and c o ll is io n a l  coupling mechanisms 
and the re la tiv e  life tim es  and pumping ra te s  of the la s e r  leve ls  have
been extensively  s tud ied  in  the He-Ne la se r  using p e rtu rb a tio n  spectroscopy.
Abrams and Wolga (1967)^^ have ca rried  out a very elegant 
p e rtu rb a tio n  spectroscopy experiment on a helium la se r  to  demonstrate
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d ire c tly  the v a lid ity  of the Wigner sp in  ru le  in  helium-helium c o ll is io n s . 
They used a helium la s e r  which o s c il la te d  continuously on two tra n s itio n s  
43p - 33d (1,95%) and 43p - 33D (1.86%), to  perturb  a separate helium 
discharge. In p a r tic u la r  they were able to  s e le c tiv e ly  perturb  e ith e r  
the 43? or 43? helium populations depending on the la s e r  tra n s i t io n  
used. The Wigner sp in  ru le  s ta te s  th a t  in  the case of in te ra c tin g  atoms 
or molecules fo r  which Russell-Saunders coupling is  v a lid , to ta l  spin 
is  conserved in  atom-atom c o ll is io n s . For conditions in  the discharge 
c e l l ,  the predominant species in  atom-atom c o llis io n s  w itli e ith e r  the 
43? or 43p s ta te  is  the ground s ta te  (1^3) helium atom. I f  the  Wigner 
sp in  ru le  is  obeyed, th e re fo re , the i n i t i a l  t r i p l e t  s ta te s  should be 
converted only to  o ther t r i p l e t  (and not s in g le t)  helium s ta te s  by such 
atom-atom c o l l i s io n s , A ssociated pertu rba tions are therefo re  expected 
only on tra n s itio n s  o rig in a tin g  on t r i p l e t  s ta te s  when e ith e r  the 43p 
or 43p populations are perturbed d ire c tly  by the  la se r  ra d ia tio n . For 
the 43p s ta te  the assoc ia ted  changes in  the populations of the 43g and 43d 
s ta te s  im plied atom-atom c o ll is io n  cross sections comparable to  the gas 
k in e tic , while changes in  tlie populations of the 4^S, 4-'P and 4 ’D lev e ls  
im plied cross-sections two orders of magnitude sm aller. The findings 
are therefore in  accord .^ th  the Wigner sp in  ru le . In  the case of the 
43? s ta te  the Wigner sp in  ru le  was found to  be v io la ted  as previously  
suggested by Lin and Fowler, who showed th a t sp in -o rb it coupling, and
hence the sp in  ru le , breaks down fo r the nF s ta te s  of helium.
12Freiberg and Weaver (1967) have ca rrie d  out a conprehensive 
in v e stig a tio n  on the dc xenon la se r  discharge o s c il la t in g  a t  3.51%
(Sd33 - 6P22) . They monitored no t only the pertu rbations in  lev e l 
populations but also pertu rbations in  e lec tro n  density , using a microwave 
cav ity  method, and in  the  discharge cu rren t. In  the xenon discharge 
rad ia tiv e  coupling between lev e ls  was found to  be s t i l l  im portant, but 
e lec tro n  e x c ita tio n  was found to  be more s ig n if ic a n t as a c o llis io n a l
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coupling process than atom-atom c o llis io n s  which dominate the s itu a tio n  
in  He-Ne and He l a s e r s . A s ig n if ic a n t finding  from th is  in v es tig a tio n  
i s  th a t  in  the dc xenon la se r ,  e lec tro n  e x c ita tio n  processes are occurring 
from the 6s m etastable s ta te s  to  the lower la s e r  lev e l (ÔP22) > thereby 
decreasing tl)e population inversion  and so degrading the la se r  power 
output a t  3,51|i.
P ertu rba tion  spectroscopy has been applied to  the COg-N^-He la s e r  
mainly by Crane and Waksberg (1967)^^, but a lso  by Rigden and M oeller (1966)^^ 
T ransitions in  the f i r s t  (B^n - and second (C^n - B^n} p o s itiv e  
systems o f the n itrogen  molecule and in  the Angstrom band - A^rt) o f
the carbon monoxide molecule were monitored as the 1 0 .6y la se r  rad ia tio n , 
corresponding to  tra n s it io n s  between v ib ra tio n a l- ro ta tio n a l lev e ls  o f the 
CO2 e le c tro n ic  ground s ta te  { (00° 1) - (10*^0 )} , was switched on and o f f . 
Although the m ajority  of tra n s it io n s  showed decreases in  in te n s ity  due 
to  la s e r  o s c il la t io n , c e r ta in  were found to  increase in  in te n s ity . This 
in d ica tes  th a t the e f fe c t i s  not to ta l ly  due to  tlie decrease in  the 
e ffec tiv e  temperature o f  the  discharge th a t accompanies the  ex tra c tio n  
of coherent power, No attem pt was made to  use the reported  pertu rba tions 
to  analyse c o ll is io n a l  and rad ia tiv e  processes occurring in  the la s e r .
A drawback o f tlie technique when applied  to the C02 -N2-He la s e r  is  th a t 
i t  is  no t possib le  to  monitor by em ssio n  spectroscopy the populations 
o f the  N2 v ib ra tio n a l and ro ta tio n a l s ta te s  thought to be responsible 
fo r pumping the CO2 molecules, since these are in  the N2 e lec tro n ic  
ground s ta te ,  and do not decay ra d ia tiv e ly .
Weaver e t  a l (1967)^^ have inv estig a ted  changes in  the s id e lig h t 
flourescence from the so lid  s ta te  Nd:Cr;YAG la s e r  due to  o s c il la t io n  a t  
l.Obp, but not in  s u f f ic ie n t  d e ta il  to  provide inform ation on the ra d ia tiv e  
decay p a tte rn s  and re lax a tio n  processes.
I^<kntion should a lso  be made o f an experiment c a rried  out by Beterov
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and Chebotaev (1966)^^ on th e  He-Ne la se r  where spontaneous emission 
ra d ia tio n  was used to  pertu rb  the discharge as opposed to  stim ulated  
emission. A helium discharge pumping lamp was placed in  close proxim ity 
to  the He-Ne la se r  discharge tube, and ra d ia tio n  from tra n s itio n s  
term inating on helium 2^S and 2^S m etastable s ta te s  was used to  
se le c tiv e ly  depopulate tile same s ta te s  in  the helium-neon la se r  discharge 
through o p tic a l pumping. The re su ltin g  changes in  the  populations o f 
the excited  neon lev e ls  enabled tlie cross sections fo r the  ex c ita tio n  
o f  the neon levels  by c o llis io n s  with helium m etastables to  be determined. 
These a re , o f  course, the processes th a t lead to  the  establishm ent 
of population inversions in  neon.
This l a s t  experiment demonstrates the close r e la t io n  between 
conventional o p tic a l pumping experiments, involving spontaneous 
emission radiation»  and p e rtu rb a tio n  spectroscopy which involves 
stim ulated  emission ra d ia tio n .
In  order to  complete th is  sec tio n  the papers more d ire c tly  
re lev an t to  the p resen t work w ill  be reviewed but d e ta ile d  d iscussion  
w ill be l e f t  to  the appropriate la te ?  chap ters.
The f i r s t  paper to  appear re la t in g  to  tlie argon ion la se r  in  th is
17context was th a t  of Rosenberger (1966) who in v estig a ted  the in te ra c tio n  
between two sim ultaneously o s c il la t in g  la s e r  t ra n s i t io n s .  This work 
was l a t e r  extended by î^ rke lo  e t  a l  (1968)^^. Both these papers 
examine the changes in  coherent power from one la s e r  t r a n s i t io n  due
to  the simultaneous o s c il la t io n  o f another tra n s i t io n . A decrease
in  coherent power from the former tra n s i t io n  was expected, due e ith e r  
to  a dep letion  o f the population o f i t s  upper lev e l o r to  an increase 
in  the population of i t s  lower lev e l when the second t r a n s i t io n  o s c il la te d .
but in  c e r ta in  cases the power output was observed to  increase (anomalous
19com petition), F e rra rio  e t  a l  (1969) were the f i r s t  to  propose a 
fe a s ib le  mechanism to  explain  th is  behaviour (ch. 5 ).
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The p resen t work r e la t in g  to  the pertu rba tions in  the spontaneous 
em ission from tra n s it io n s  o rig in a tin g  on 4p and 4d lev e ls  of A ril 
(ch. S) was f i r s t  reported  in  1968^^. Also in  1968, Merkelo e t al^^ 
reported  on pertu rbations in  the spontaneous emission from the tra n s itio n s  
o rig in a tin g  from the 4s lev e ls  of A r i l .  Vacuum UV instrum entation  was 
requ ired  since these tra n s itio n s  term inate on the ion ground s ta te  
and so have wavelengths around 700 R.
22More recen tly  Karatsu and Ogura (1972) have in v estig a ted  s im ila r  
e ffe c ts  in  the krypton ion la se r ,  but no in te rp re ta tio n a l work accompanies 
th e ir  r e s u l ts .
Several experiments have been performed in v es tig a tin g  the strong 
in te ra c tio n s  th a t  occur between o s c il la t in g  modes a t  5 1 4 and 4880^ 
as a consequence of th e  com petition e ffe c ts  discussed above (Forsyth
(1967)23, s ta tz  e t  a l  (1969)24, Grimblatov e t  a l  (1972)25). The 
relevance to  mode e ffe c ts  of the p resen t measurements o f pertu rbations 
in  the 4p populations is  discussed fu rth e r  in  ch. 5.
P o la riza tio n  e ffe c ts  in  th e  p ertu rb a tio n  spectrum of the He-Ne
26la s e r  have been in v estig a ted  by Krupenikova and Chaika (1966) ,
77 7RKallas and Chaika (1967) and Hhnsch and Toschek (1966) . By applying
an ax ia l magnetic f ie ld  to  the  la s e r  discharge and studying i t s  influence 
on the p o la r isa tio n  of the p e rtu rb a tio n  spectrum, the life tim e  o f the
lev e l in  neon (lower la s e r  lev e l of 632sX and l.lS u  la se r  tra n s itio n s )  
was determined, w hile measurements made under zero f ie ld  conditions 
enabled the  influence of depolarizing  c o llis io n s  to  be assessed.
Hhnsch and Toschek used a separate  discharge c e l l  and were hence able 
to study depolarizing c o llis io n s  over a wider range o f discharge 
conditions (includfng the  s itu a tio n  in  pure Np). The independent 
estim ates of the ra d ia tiv e  life tim e  of the 2pi^  lev e l agreed only to  an 
order of magnitude (6nS, 14nS) and th is  applied  also  to  the estim ates 
o f depo lariza tion  c ro ss-sec tio n  (10“ - 10 cm^). The former
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discrepancy may have been due to  s tra y  magnetic f ie ld s ,  fo r exànplè 
from the discharge current» s ince precautions were not taken to  allow 
fo r such e ffe c ts  in  the  experim ents.
The p resen t work on p o la r iz a tio n  e ffec ts  in  the p e rtu rb a tio n
1spectrum of the argon ion la se r  was published in  1967 .
The app lica tion  of p ertu rb a tio n  spectroscopy to  thé  determ ination 
o f population inversions Was f i r s t  proposed by Johnston (1970) Who 
stud ied  the argon ion  la s e r .  In  Johnston’s method the f ra c tio n a l change 
in  the population o f  the  upper la se r  level (4p^D5y2~ 4s^P3/ 2 j 488cS) 
i s  measured as a function  of coherent rad ia tio n  density  in  the cav ity , 
and the lim itin g  value, corresponding to  an in f in i te  rad ia tio n  density , 
is  estim ated by ex trap o la tio n . This lim itin g  value can then be 
re la te d  to  the i n i t i a l  population inversion  (ie  before sa tu ra tio n ) 
i f  c e r ta in  assumptions are made about tlie s a tu ra tio n  o f the population 
inversion  w ith coherent power. The dependence o f the population inversion  
a t  488CA on discharge cu rren t and magnetic f ie ld  was stud ied  by th is  
technique (ch. 3 ).
In Johnston’s method a high coherent ra d ia tio n  density  is  requ ired  
in  order to  sa tu ra te  the f ra c tio n a l population change on the upper 
la se r  le v e l, and so the method can only be used when the ac tiv e  medium 
understudy i s  w ith in  the la s e r  c av ity . The re su lts  reported by 
Johnston re fe r  to conditions of high population inversion  and no attem pt 
was made to in v estig a te  thé change-over from gain to  absorption in  
the ac tiv e  medium. The p résen t s tud ies  on population inversions in  
the argon ion la se r  ■, Where an ex ternal c e l l  Was Used» both avoid 
assumptions regarding sa tu ra tio n  in  the la s e r  and enable the tra n s i t io n
region from gain to  absorption  to  be in vestiga ted .
34Vladimirova e t  a l have determined pumping ra te s  and life tim es  
o f upper la s e r  lev e ls  in  the argOn ion la se r  by measuring the f ra c tio n a l 
in te n s ity  changes in  thé spontaneous emission from tlie la s e r  tra n s itio n s
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themselves. I f  the to ta l  cav ity  loss and the coherent power ex trac ted  
per u n it volume o f ac tive  medium are known, pumping ra te s  and life tim es  
can be calcu la ted  (see ch .3 ).
A summary o f in v estig a tio n s  using p ertu rba tion  spectroscopy is  
given in  tab le  1 .1 . For a b r ie f  review o f pertu rb a tio n  spectroscopy
33in  re la tio n  to  o ther c lasses  o f  la se r  based spectroscopy see Demtrbder (1973)
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Laser
He-Ne
He
Xenon
Krypton
Argon
Co2’’N2”He
Nd:Cr:YAG
Aspect
Radiativ e /C o llis  ional coupling
L ifetim es, pumping 
ra te s
P o la riza tio n  e ffe c ts
Pumping Mechanism
Wigner sp in  ru le
R ad ia tiv e /C o llis io n a lcoupling
R ad ia tiv e /C o llis io n a lcoupling
Mode and Competition e f fe c ts
C o llis io n a l/R ad ia tiv e  
coupling
P o la riz a tio n  
Population inversion
R ad ia tiv e /C o llis io n a l
coupling
R ad ia tiv e /C o llis io n a lcoupling
In v estig a to r
Parks and Javan (1964,1965)^’  ^
Waksberg and Carswell (1965)^
QWeaver and Freiberg (1966) 
Garscadden and Adams (1966)^ 
Khaikin (1967)“
HBnsch and Toschek (1966) 
C sillag  e t a l  (1968)^
29
Krupenikova and Chaika (1966) 
Kallas and Chaika (1967)
26
HWnsch and Toschek (1966) 28
Beterov and Chebotaev (1966) 
Abrams and Wolga (1967)^^
16
Freiberg and Weaver (1967) 12
Karatsu and Ogura (1972) 22
Rosenberger (1966) 17
Merkelo e t  a l  (1968) 18
F erra rio  e t  a l  (1969) 
20
19
Dunn (1968)
Merkelo e t  a l  (1968) 21
Dunn and M aitland (1967) 
Johnston (1970)
Dunn and Ross (1973) 32
‘Crane and Waksberg (1967) 
Rigden and Moeller (1966) 
Weaver e t  a l (1967)^^
13
14
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Figure 1,1 Th© princ ip le  of perturbation spectroscopy i s  i l lu s tra te d  in  th is  
diagram. In (a) the s itu a tio n  in  the active medium in  the absence of lase r 
rad iation  is  shown. The population of the upper la se r level (u), represented 
by the blade dots, is  determined by a  balance between pumping processes (P) 
and decay by spontaneous emission (e ). The population of a general level (g) 
may depend on the population of the upper lase r level through e ith e r  rad ia tive  
or co llis io n a l coupling processes (C) in  the active medium. In (b) coherent 
rad iation  is  extracted from the active medium, so introducing an ad d itio n ^  
loss process', th a t of stim ulated emission (SE), which reduces the population 
of the upper la se r level. By monitoring the consequent population change fo r 
the level g, the coupling processes v G may be studied.
â.cbf\Te meJium  1  ^ —TLTL ceiL J U T
( a )
Figure 1,2 Ebq)erimental arrangements fo r perturbation spectroscopy; 
(a) self-generated \rad iation , (b) exkeimal c e ll .
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Figure 1.3 Format of thesis,
\Figure 1.4 Coupling mechanisms fo r a three level 
system with la se r o sc illa tio n .
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Figure 1.5 Floir graph analysis of fractional perturbation on general 
level (m). The influence of la se r  o sc illa tio n  is  shorn by the dotted 
lin e . See Appendix B.
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CHAPTER 2
EXPERIMENTAL DETAILS
2 . 2
We summarize in  th is  chapter the experimental d e ta i ls  re levan t 
to the next th ree cliapters. A dditional d e ta ils  appropriate only to  
p a r tic u la r  chapters are given in  context. The f i r s t  section  of 
Appendix A provides a general in troduction  to  argon la se r  design.
2.1 Argon ion la se r
A v a rie ty  o f quartz tube argon la se rs  have been used, but the 
two basic  designs are shown in  f ig .  2 .1 . The ac tive  medium is  
contained by a quartz tube (Thermal Syndicate 'V it r e o s i l ’) of 
about 1 mm wall thicl<ness, 2-4 mm bore and 20 - 50 cm long. The 
c a p illa ry  is  surrounded by a w ater cooling jack e t about 1 cm in  
diameter and also  fab rica ted  in  quartz . Hie w ater in le t  to  the 
jack e t i s  angled so th a t the cooling water i s  d irec ted  onto the 
c a p illa ry  where i t  opens out towards the cathode end, i f  th is  
precaution is  not taken a dead space, leading to  lo ca l b o ilin g , 
occurs in  the cooling w ater. At each end of the c a p illa ry  the 
quartz tubing opens out to  - |".Q n the design where the anode and 
cathode are in  sidearms (f ig . 2.1a) the T-pieces and Brewster 
angle window assem blies are  a lso  o f quartz ; quartz-pyrex graded 
sea ls  being introduced in  the sidearms before the cathode and anode 
pyrex envelopes. In the co -ax ia l arrangement ( f ig . 2 . 1b) the quartz- 
pyrex graded sea ls  come immediately a f te r  the c a p illa ry  and are 
p ro tec ted  by in te rn a l quartz sleeves to  keep tlie discharge away from 
the s e a ls .
The cathode is  o f the h o t, oxide coated type (Mullard thyra tron  
cathode type XR1/12A). Before use the cathode is  processed while 
the tube is  being pumped, a f te r  which i t  cannot be exposed to  the a i r  
w ithout serious d e te r io ra tio n  o f the em itting su rface . The m anufacturer's 
processing schedule was found to  be s a tis fa c to ry  fo r the presen t usage, 
and processed cathodes were operated without sp u tte rin g  a t  dc curren ts 
up to 20 A. This p a r t ic u la r  cathode, where the em itting  surface
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is  on the inside o f a cy linder about 1 |"  in  d iam eter, is  well su ited  
to  the co-ax ial arrangement shown in  f ig .  2 . 1b; the only m odification 
requ ired  being to  d r i l l  a diameter hole in the end cap of the heat 
sh ie ld . The most successfu l arrangement fo r the anode is  a length of 
water cooled copper tubing o f about OD turned in to  a s p ira l  and
contained in  a pyrex envelope which i t  en ters through g lass to metal 
se a ls .
Brewster windows are quartz f l a t s  ( 'S p e c tro s il A ', f l a t  to(X /4, 
p a ra l le l  to  1 ')  fixed  w ith adliesive ( ’A ra ld i te ',  'T o rr-se a l ')  onto 
tube ends cut a t  the Brewster angle. R eflection lo sses increase by 
about 1.5% deg"-  ^ fo r  angles g rea te r  than the Brewster angle (angle 
o f incidence 56°), but only by about 0.2% deg^^for sm aller angles - so 
provided i t  i s  towards the l a t t e r  angular e rro rs  o f about 5° can be 
to le ra te d , and only a simple j i g  arrangement is  required  fo r cu ttin g  
the tube ends.
A gas re tu rn  lin e  to  equalize pressure g rad ien ts caused by gas 
pumping connects anode and cathode envelopes. Pyrex tubing of a" OD 
and 2-3 times the c a p illa ry  length  is  s a tis fa c to ry  - the increase in  
lengtli and bore over th a t  o f the c a p illa ry  re su lts  in  th is  pathway 
having a h igher breakdown voltage so there is  no tendency fo r the 
discharge to  go down tlie gas re tu rn  path . The la se r  tube is  f i r s t  
evacuated with an o i l  d iffu s io n  pump f i t t e d  with a n itrogen  cold tap , 
and then 3N spectroscop ically  pure argon is  introduced. The 
pressure is  monitored by a P ira n i gauge c a lib ra ted  in  s i tu  against a 
I4:Leod gauge.
Both s in g le  phase and th ree  phase power supplies have been used
to  operate the d iffe re n t tu b es , and a ty p ica l s ing le  phase design is  
shown in  f ig . 2 .2 . The requirement is  fo r  a smoothed dc supply 
d e liv erin g  up to  20 A a t  500 V. Since the voltage across the la se r
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tube (200 V fo r  a 25 cm ca p illa ry )  is  approximately independent of 
discharge cu rren t, a b a l la s t  r e s is to r  (20  ü) is  placed in  se rie s  with 
the tube to  lead  to  an o v era ll p o s itiv e  vo ltage-curren t c h a ra c te r is t ic .  
The r e s is to r  i s  most conveniently made from I kW e le c tr ic  f i r e  elements. 
The L-C smoothing c i r c u i t  incorporated  in  the f u l l  wave bridge 
r e c t i f i e r  i s  designed to  reduce voltage r ip p le  on the tube to  le ss  
than 4% a t  100 Hz. For troub le  free  operation with a gas discharge load, 
v a r is to rs ,  to  prevent voltage spikes developing across the s ilic o n  
diodes in the bridge, and leakage r e s is to r s ,  to  equalize voltage across 
the capac ito rs, are e s se n tia l .
Typically , the quartz tubes described above can be operated a t 
currents up to  about 15 amps continuously and up to  about 20 amps fo r 
short periods, w ith cooling w ater from the domestic supply. At higher 
cu rren ts  lo ca lized  b o ilin g  takes place w ithin  the cooling jack e t.
At 15 amps the ty p ica l m u ltilin e  multimode power output from a 50 cm 
length o f active  medium and through a 95% r e f le c t iv i ty  m irror is  
150 mW.
Single frequency operation is  obtained by a 68° quartz prism in  
tlie cav ity  ( ’S p ec tro sil B' ,  o p tic a l faces f l a t  to  X/8) . Tlie prism 
angle is  chosen to  ensure Brewster angle incidence a t  minimum 
deviation . For most o f  the experiments the cav ity  length is  about 
Im and m ultilayer d ie le c tr ic  m irrors o f  g rea ter than 99% re f le c t iv i ty  
are used to  maximize coherent power density  w ithin  the cav ity .
In the s tu d ies  o f gain and absorption in  the ac tive  medium 
discussed in  ch. 3, an argon discharge c e l l  of s im ila r  design to 
the la s e r  discharge tube was o p tic a lly  pumped by a separate la s e r .
In order to  obtain  s u f f ic ie n t ly  high rad ia tio n  f ie ld  d en s itie s  in  the 
discharge c e l l ,  which was outside the la s e r  cav ity , a metal c lad  argon 
la s e r  w ith plasma j e t  cathode was used as the l ig h t  source. D etails
2.5
1of th is  la s e r  have been given in  the l i te r a tu r e .
2.2 D etection system
The coherent rad ia tio n  f ie ld  inside the la s e r  cav ity  is  switched 
on and o ff  mechanically a t  a frequency of about 1 l<Hz by an e le c tr ic a l ly  
driven toothed wheel. H iis switching period is  a t  le a s t  th ree orders 
o f  magnitude g rea te r  than c h a ra c te r is t ic  times associa ted  witli 
processes in  the discharge - rad ia tiv e  o r c o llis io n a l life tim es o f the 
relevan t energy lev e ls  being le ss  than 1 ys (see tab les  A.2 - A .4).
Hence the discharge reaches a steady s ta te  between switchings and 
tra n s ie n ts  may be neglected  in  the analysis .
The spontaneous emission s id e lig h t from the d isd iarge is  sampled 
through the water jack e t e i th e r  by imaging the discharge onto the 
in le t  s l i t  o f the monochromator or by using a f ib re  o p tic  l ig h t  guide.
The Carl Zeiss SPM2 g ra ting  monochromator has a l in e a r  d ispersion  o f 
40 X mm""^ , and s l i t  widths o f  the order o f 0 .0 2  mm gave su ff ic ie n t  
reso lu tio n  (iX) to  is o la te  most o f the 4p and 4d tra n s itio n s  stud ied  
here. The output from the monochromator is  co llec ted  by a photom ultip lier 
tube (EMI 9558B), In a l l  cases where an imaging lens was used, the 
axis o f  the la s e r  tube was a t  r ig h t angles to  the s l i t  ax is , so th a t  
the s l i t  e f fe c tiv e ly  averaged across the tube bore. With th is  arrangement 
the exact o r ie n ta tio n  o f  s l i t  and tube is  not c r i t i c a l ,  and the 
averaging i s  not s e n s itiv e  to  changes o f s l i t  w idth, defocussing, e tc .
I f  the s l i t  is  arranged p a ra l le l  to  the axis o f the discharge tube, 
then since the la s e r  rad ia tio n  is  not uniform w ith in  the active medium, 
the exact re la tiv e  lo ca tio n  o f  s l i t  and the image o f the discharge 
tube is  im portant. In those cases where i t  was im portant to make the 
de tection  apparatus in se n s itiv e  to the p o la riz a tio n  s ta te  o f the 
ra d ia tio n , a f ib re  o p tic  l ig h t  guide was used since tliis  depolarizes 
tlie rad ia tio n  passing through i t .  Since i t s  dimensions are large
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compared to  the s l i t  widtli i t  also is  in sen s itiv e  to  exact re la tiv e  
lo ca tion .
The maximum in te n s ity  change in  the spontaneous s id e lig h t produced 
by the la s e r  rad ia tio n  is  on the la s e r  tra n s it io n  i t s e l f  and is  about 
1% o f  the to ta l  spontaneous emission in te n s ity  from th is  t ra n s it io n .
In te n s ity  changes on o th er 4p and 4d tra n s itio n s  are down to  2% of tliis  
value, thus changes o f the order of 0.1% are to  be detected . This is  
done with a lock-in  am plifie r (Princeton JB4),the output signal from 
the photom ultip lier f i r s t  passing through a 100 Hz blocking f i l t e r  and 
a p re -am p lifie r (Princeton CR4). The 100 Hz f i l t e r  is  requ ired  since 
the lock -in  am p lifie r is  unable to  cope with the signal presen t a t  
the r ip p le  frequency o f the power supply. Although the voltage rip p le  
is  ty p ica lly  about 4%, because of the non -linear dependence o f 
spontaneous emission on curren t and the non -lin ea r e le c tr ic a l  c h a ra c te r is tic s  
o f  the discharge, the r ip p le  on the spontaneous emission s id e lig h t is  
around 10%. The reference s ignal fo r  the lock-in  am plifier is  provided 
by a p h o to tran s is to r (OOP 71) sampling tlie la s e r  rad ia tio n  outside 
the cav ity . The d e tec tion  system is  i l lu s t r a te d  in  f ig .  2 .3 .
The l ig h t  c o lle c tio n  e ffic ien cy  is  lim ited  by two requirem ents; 
f i r s t ,  the maximum s l i t  width o f the monochromator must be le ss  than 
0 .0 2  mm to resolve tlie 4p and 4d tra n s it io n s , and second, the photo­
m u ltip lie r  must be operated w ell w ithin the l in e a r  region. (The method 
fo r checking l in e a r ity  is  d iscussed l a t e r ) . The l a t t e r  requirement 
is  met i f  fhe anode cu rren t is  le ss  than 20 yA (0.2 V across a 10 IcQ 
anode load re s is ta n c e ) . In p rac tic e  the two re s tr ic t io n s  are compatible, 
in  th a t anode curren ts due to the more in tense 4p and 4d tra n s itio n s  
are le ss  than 100 yA a t s l i t  widths around 0.02 mm. This value may 
be checked against the spontaneous emission data  given in  tab le  A.2 
fo r the 4p tra n s it io n s . Typically  the number of photons em itted by a 
4p tra n s itio n  under the p resen t discharge conditions is  about 10^^s~’cnr^.
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Since the axis o f the discharge tube is  normal to  the monochromator
s l i t ^  the e ffe c tiv e  volume o f d isd iarge sampled by imaging on to  the
s l i t  a t u n it  m agnification is  o f  the order o f  the s l i t  width times
the square of the diam eter o f the d isd iarge  tube (2 x 10"^ x 0 . 2  ^ cm^) ,
and so the photon flu x  in to  the monochromator is  1 0^  ^ s"^ fo r an
flO apertu re . The quantum e ffic ien cy  of the S-20 photocathode o f
tlie 9558B phototube is  20% a t SOOOX, and the o v era ll cathode to  anode
gain o f the tube is  10®. I f  transm ission losses are neg lected , the
expected cu rren t a t the  anode o f  the phototube is  therefo re  3 x 10"® A,
implying a voltage of 30 V across an anode load re s is ta n ce  o f 10 ko.
In view o f the un certa in ty  in  the 4p tra n s it io n  ra te  and transm ission
losses through the o p tic a l system, th is  is  in  reasonable agreement
w ith the observed vo ltage .
We now examine the sources o f noise in  the detec tion  system.
I t  w ill  be shown th a t  the p r in c ip le  source is  the dc component o f the
spontaneous em ission. Let I^ , 1^ and I^ denote cu rren ts due to  the dc
s ig n a l, the p ertu rb a tio n  s ig n a l (rms) and dark cu rren t re sp ec tiv e ly . Tlien
2the rms shot noise cu rren t w ith in  a bandwidth Af i s  given approximately by
ig  = (2 e G (I*  + I* )
\\here the su p e rsc rip t A denotes values measured a t  the anode and G is  
the gain o f the phototube. I f  Jolinson noise introduced by the anode 
load r e s is to r  (R) is  included, the to ta l  rms no ise cu rren t a t  the anode is
= {2eG(I^ + Ip) a£ + A£)L
where T is  the absolute tem perature. The cu rren t a t the anode due to  
the p e rtu rb a tio n  s ig n a l is  re la te d  to  the  dc cu rren t by
ip  = f
where f  may be as small as 10"®. The n o ise - to -s ig n a l r a t io  a t the 
output of the pho tom ultip lier in  a baiidtvidth Af about the chopping 
frequency is  therefo re
N/S = {2eG(I^ + I^) A£ + ' ^ ~  A£)L
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2I t  may be seen th a t w ith an anode dark curren t o f 2nA, an anode 
load r e s is to r  of 10 kü and a cathode to  anode gain o f 10®, the Johnson 
noise is  n e g lig ib le , and hence we have
I^  1N/S = I  { ^  (1 +
o
To minimize the above ra tio  the dark curren t needs to be much le ss
than the dc cu rren t - a requirement th a t is  met in  the presen t case.
The e ffec tiv e  bandwidth o f the sampling is  deteimined by the time
constant o f the lock-in  am p lifie r , and is  about 0.02 Hz when the l a t t e r
A Ais  10 s . For ty p ica l values o f I^ , Ij^, f  and G, the noise to s ignal 
r a tio  is  about 3%. The equivalent rms noise voltage associa ted  with 
the above is  approximately 1 yV across the anode load r e s is to r ,  and 
as such is  much g re a te r  than the equivalent input noise associated  
with the p re -am p lifie r and lock -in  am plifier (150 nV Hz“'^). This is  
confirmed by the marked decrease in  noise lev e l when the monochromator 
s l i t s  are closed.
In p ra c tic e , the noise lev e ls  associated  w ith the pertu rb a tio n  
signals on the 4p and 4d tra n s itio n s  are la rg e r  than expected on the 
basis  o f shot noise alone, being around 10% (see fo r example f ig s . 5.1 - 
5 .5 ). Other possib le  sources o f noise are flu c tu a tio n s  in  the 
spontaneous emission due to  discharge n o ise , and flu c tu a tio n s  in  the 
pertu rba tion  s ignals  due to  noise associated  w ith the la s e r  rad ia tio n . 
There is  in su f f ic ie n t  inform ation regarding these sources to  comment 
on them q u an tita tiv e ly .
Since small in te n s ity  changes in the presence o f large in te n s i t ie s  
are being measured i t  is  important th a t the photom ultip lier is  
operated well in to  the l in e a r  region. A se n s itiv e  method of checking 
l in e a r i ty  is  provided by the teclinique i t s e l f .  I t  involves measuring 
the ra t io  of tlie p ertu rb a tio n  signal to the dc s ignal under constant.
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la s e r  conditions but varying the l ig h t  co llec tio n  e ffic ien cy  o f the 
monochromator, fo r  example, by varying the s l i t  width o r introducing 
n e u tra l density  f i l t e r s .  I f  the photom ultip lier is  l in e a r ,  the ra tio  
o f  the two remains constan t. For anode currents le ss  than about 20 yA 
tlie ra tio  was found to be constant to  w ithin  the random s c a t te r ,  and 
fo r subsequent measurements the anode curren t was re s tr ic te d  to  below 
10 yA.
The discharge must be o p tic a lly  th in  fo r  4p - 4s and 4d - 4p 
tra n s itio n s  when viewed from the side o f the tube. This was confirmed 
by con^aring the f ra c tio n a l pertu rba tions fo r two tra n s itio n s  w ith a 
common upper le v e l, but w ith lower lev e ls  o f  widely d iffe r in g  life tim e s .
For an o p tic a lly  th in  d ischarge, the f rac tio n a l pertu rba tions are the 
same fo r both tra n s it io n s . Fig, 2.4 shows the r a t io  o f the fra c tio n a l 
pertu rb a tio n  fo r the t ra n s it io n  4p y - 4s (4228%) to  th a t
fo r the tra n s it io n  4p y - 4s y (4880X) as a function o f discharge 
cu rren t, the system lasin g  a t  488oX. Hie 4s ^^3/^ lev e l has a long 
life tim e  (27 nS, see tab le  A. 3) compared to  th a t o f  the 4s ZPgy  ^ level 
(0.4 nS) , and hence, on the assumption th a t tlie e x c ita tio n  ra tes  to  
these lower leve ls  are no t widely d iffe re n t (see Appendix A .4.2 ), the ra tio  
o f the f ra c tio n a l pertu rba tions fo r  tliese two tra n s it io n s  is  p a r t ic u la r ly  
se n s itiv e  to o p tic a l thiclcness e f fe c ts .  Within the lim its  imposed by 
tlie s c a t te r ,  the re su lts  in d ica te  th a t the discharge is  o p tic a lly  th in  
when viewed from the s id e . This is  also confirmed by o ther p a irs  o f 
tra n s itio n s  having common upper le v e ls , but d iffe re n t lower leve ls  
(see tab le  5 .1 ).
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CHAPTER 5
MEASUREMBNT OF POPULATION INVERSIONS
3.2
3.1 In troduction
In th is  chapter the population changes th a t  occur on the upper 
la s e r  leve ls  due to stim ulated  emission or absorption are  considered.
I t  has already been demonstrated ( c h i ,53)
changes can be used to  determine population inversions in  the  ac tiv e  
medium. A fte r  a more rigorous th e o re tic a l treatm ent (ch3,§2), the 
re su lts  obtained fo r the  4880S and 514sX la se r  tra n s it io n s  in  argon are 
considered in  r e la t io n  to  proposed pumping mechanisms (ch3,§3). 
P o la riza tio n  e ffec ts  th a t  a r is e  as a consequence of the po la rized  
nature of the la se r  ra d ia tio n  are neglected in  th is  chapter, since 
the de tec tio n  apparatus was made in sen s itiv e  to p o la r iz a tio n  (ch . 21 
fo r these experiments.
3.2 Theory
The arrangement of the  experiment is  i l lu s t r a te d  in  f i g . 1 .2 (b ) . 
Quasi-monochromatic rad ia tio n  from the la se r  i s  passed a x ia lly  through 
the ac tiv e  medium contained in  the ex ternal c e l l .  The ensuing population  
change in  the upper la s e r  lev e l i s  inv estig a ted  by monitoring the 
in te n s ity  change in  the spontaneous emission s id e lig h t associa ted  
with a tra n s i t io n  from th is  le v e l.
The sp e c tra l d is tr ib u tio n  of the illum inating  ra d ia tio n  may be 
described by
= 1^ n(v,v , (3.1)
.j .where 6l^^v) is  the in teg ra ted  in te n s ity  of the  ra d ia tio n  ly ing in  
a bandwidth 6v about v. Since la s e r  rad ia tio n  is  quasi-monochromatic.
t  By in teg ra ted  in te n s ity  in  th is  context is  meant the ra d ia tio n  
energy fa llin g  on u n it  area in  u n it time, w ithout regard to  so lid  
angle. In  fa c t th is  is  an in co rrec t usage of the term, but in  p ra c tic e  
such a d e f in itio n  is  generally  adopted in  the l i te r a tu r e  when highly  
d ire c tio n a l beams are considered.
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n(v,Vp) is  s ig n if ic a n tly  d if fe re n t from zero only over a narrow 
frequency in te rv a l Av  ^ which is  centered on and i s  such tlia t
AVp/Vp «  1 . (3.2)
The function  n(y,Vp) is  normalized, being tlie to ta l  in teg ra ted  
in te n s ity  of the illum inating  ra d ia tio n .
Rate equations describ ing the populations of the upper and lower 
la se r  leve ls  in  the absence of coherent ra d ia tio n  have already been 
given in  ( c h i ,§3), and are
Ri = (3.3)
A12N1 + R% = N2i2 (3.4)
where the symbols have already been defined. (The term describing 
ex p lic itly , the coupling of the  upper la se r lev e l to  a p a r tic u la r  general 
level has been disregarded .)
The influence of the pertu rb ing  rad ia tio n  on the population of 
the  upper lev e l i s  now considered. Since th is  ra d ia tio n  has a centre
frequency close to  th a t  associa ted  with the energy gap between the 
two le v e ls , s tim ulated  emission and absorption take p lace . The e ffe c t 
of stim ulated  emission is  to  increase the number of downward tra n s itio n s  
from the upper to  the lower le v e l, whereas the e f fe c t of absorption is  
to  cause tra n s itio n s  from tlie lower lev e l to  the upper le v e l, Miether 
the ne t e ffe c t o f these two processes is  to  cause an o v era ll increase 
or decrease in  tlie population  o f the upper lev e l depends on the r e la t iv e  
populations of the  two le v e ls .
Line broadening e ffe c ts  are important when considering the d e ta ils  ' 
o f the coupling between the coherent rad ia tio n  and the medium. The 
general case when inliomogeneous, as w ell as homogeneous, broadening occurs 
w ill be tre a te d . Inhomogeneous broadening re fe rs  to the s itu a tio n  in  
which the atoms, in  both the  upper and lower lev e ls  of the t ra n s it io n , 
ex h ib it a d is tr ib u tio n  o f resonance frequencies, and not a s in g le  
resonance frequency. The source of inliomogeneous broadening in  the argon
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ion la se r  is  the Doppler e f f e c t ,  and th is  w ill  be tlie case considered
e x p lic i t ly  here . Hie approach is  to  w rite  tlie ra te  equations in  tlie
presence of la se r  ra d ia tio n  in  d if f e re n t ia l  form.
As a consequence o f the d is tr ib u tio n  of thermal v e lo c itie s  asso cia ted
with the atoms in  a gaseous mediiun, tlie atoms ex liib it a d is tr ib u tio n  of
resonance frequencies when observed in  tlie laborato ry  frame o f reference*
I f  6N] (v) is  the nuiAer o f atoms in  the upper le v e l w ith resonance
frequency in  the in te rv a l 6v about v fo r  l ig h t  propagating in  a given
d ire c tio n , tlien, ôNi (v) « NiD(v,v^)6v . (3.5)
where D(v,v is  the normalized Doppler function  centred, on v^, tlie
resonance frequency of a s ta tio n a ry  atom.
Wien the atoms e x h ib it a thermal equilibrium  d is tr ib u tio n  of
1k in e tic  energ ies, the Doppler function  is
D(v,v ) = ) , (3.6)® Avp (AvQ)2
where is  the Doppler width ( fu l l  width a t  h a lf  maximum), which is  
re la te d  to  the k in e tic  tem perature T ahd atomic mass m according to
1
(3.7)
The population of the lower le v e l^ is  described by a s im ila r 
expression, namely ' .
6 N2  (v) = N2 D(v,v^ôv> . ( 3 .8 )
I f  i t  i s  assumed th a t  tlie d is tr ib u tio n  of resonance frequencies
fo r the atoms is  a consequence of d if fe re n t e x c ita tio n  ra te s  to  the 
d if fe re n t groups of atoms, then the  ra te  a t  which a p a r t ic u la r  group 
in  the upper lev e l is  supplied  i s  given by -  .
6 R j(v )  « R jD (v ,v^) 6 v> , ( 3 .9 )
with a s im ila r  expression fo r the  lower lev e l
. \ ,6 R2 (v) = R2 D ( v ,v ^ ) 6 v . i (3 .10 )
I f  a l l  the atoms in  the d is tr ib u tio n  ex h ib it s im ila r  re lax a tio n  processes,
then ra te  equations of the form of (3.3) and (3.4) can be w ritten  down 
fo r each group of atoms. For the upper level (3.3) becomes
Sï3.RiD(v,v^) = 6N i(« ) .T i - ‘ . (3.11)
and fo r the lower lev e l (3.4) becomes
A,i2 'SNi(v) + R2D(v,v^)6v = (SN2 (v) . (3.12)
I t  is  now possib le  to  consider the  influence of the perturb ing  
rad ia tio n  on the populations of tlie upper and lower lev e ls  of the resonance 
tra n s i t io n . For tlie group of atoms ôNi(v') in  the upper lev e l with 
resonance frequencies in  the range 5v' about v ’ , the ra te  of lo ss , by 
stim ulated emission, to  the lower lev e l due to ra d ia tio n  of in te n s ity
ôL|^(v) in  tlie frequency in te rv a l about v is^
j 6l j  (v)
<S ( ^  {ôNi(v'))}^^ = “ Bj2' -4-   . b (v ,v ' )  6N](v')^ (3.13)
where Bj2 is  the E in ste in  B - c o e ffic ie n t fo r stim ulated  emission, which
is  re la te d  to  the A - c o e ffic ien t through
Bj.2 ” —   A i2 s (3.14)
2h
and L(v,v ')  is  the Lorentz function
(2ïï)"i A\)„
L(v,v’) = ------------------------------- , (3.15)(v-v')2 + (AVy/2)2
where Avj^  is  the homogeneous linew idth  ( fu l l  width a t  h a lf  maximum) fo r 
the t ra n s it io n .
I f  the  sp ec tra l d is tr ib u tio n  o f the  pertu rb ing  ra d ia tio n  (n(v,Vp)) 
is  very much broader than tlie n a tu ra l linew idth ( i . e .  Av^  »  Av )^ - th is  
is  the case when the la s e r  is  o s c il la t in g  multimode - then a f t e r  
su b s titu tio n  in  (3.13) for/ôI(v)  according to  (3 .1 ), the re su ltin g  
expression can be in teg ra ted  over 6v, since over the region where 
L(v,v')  changes rap id ly , n(v,Vp) is  constant and so may be taken outside 
the in te g ra l.  H iis gives
{6Ni (v ' ) }  = -  n ( v ' , v  )6N, (v ' )  = -  S ( v ' , v  ) 6 N i ( v ' ) .  (3.16)
3.6
In a sim ilar way, the ra te  a t  which the population d is tr ib u tio n  
in  the upper lev e l i s  pumped by absorption can be derived and is
| ç { 6N , ( v ' ) } =  + S ( v ' ,  V p ) | ^  6% ( v ' )  . (3.17)
where gj and gg are  the s t a t i s t i c a l  weights of the upper and lower 
lev e ls  resp ec tiv e ly .
The ra te  equation describ ing the population d is tr ib u tio n  in  the 
upper lev e l in  the presence of coherent ra d ia tio n  is  therefo re
R]D(v',v^)ôv' + S (v ' ,  V ) 6N2 (v')  - 5Ni(\)')} = t j “16Ni(«'). (3.18)
The ra te  equation describ ing the population d is tr ib u tio n  in  the 
lower level can be derived in  a s im ilar fashion to (3.18) and is  
R 2D(v' . \ )^ )6v'  + A i 26N i ( v ' )  -  S ( v ’ , V p ) ( | ^ N 2 ( v ' )  -  6 N i ( v ' )  )
= Tg-I aNgfv') . (3.19)
Since i t  is  the change in  the population d is tr ib u tio n  due to  the 
coherent rad ia tio n  th a t  i s  o f in te re s t  here, ôNx(v’) and ôNg(v ') are 
w ritten  in  the form
6Ni(v')  = «N)°(v') + «{6Ni(v ')}
SN2 (v ')  = 6N2° ( v ' )  + 6{6Nz(v')} , (3.20)
where 5N^°(v') and 6Nj (v ')  r e fe r  to  the unperturbed population
d is tr ib u tio n s , and ô{ôNx(v')} and ô{ôN2, (v’)> are the changes produced
by the rad ia tio n  f ie ld .  By su b s titu tio n  of (3.20) in to  (3.18) and 
(3.19) and using (3.11) and (3.12) the following is  obtained for
6 (6Ni(v' )}  . _
^TiS(v' ,v )(«Ni°(v ')  - § - 6N2° ( v ’))
6{6N i(v ' ) )  = ------------E- g- -----------—  . (3.21)S(v’,Vp){Ti f g - T g d  - T1A12)} 4. 1
I f  the p e rtu rb a tio n  in  the population d is tr ib u tio n  produced by 
the rad ia tio n  f ie ld  is  small
( i e  ô{ôNi(v' )}  << ôNi(v') ) then 
S(V‘ , Vp) T| «  1
S(V', V ) T2 << 1 ,
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and (3.21) may be approximated to g
<S{6N^(v')} = “ Tj S(v' ,  Vp){6Ni°(v') “ ôN2° (v ' )}  , (3.22)
The above must now be in teg ra ted  over the inliomogeneous lin e  p ro f ile  
in  order to determine the to ta l  change in  the population of the upper 
le v e l. In the case when the  sp ec tra l d is tr ib u tio n  o f the perturb ing  
rad ia tio n  is  s im ila r to th a t associa ted  with the resonance tra n s it io n  - 
fo r multimode o s c il la t io n  o f  the la se r  th is  would be approximately the 
case - ie  when
n(v, Vp) 5 D(v, v^) (3.23)
and Vp E ,
(3.22) may be in teg ra ted  to  obtain-
( N i °  -  1  « 2 ° )  / " d 2  ( v ' , v ^ ) d v '  .  ( 3 . 2 4 )
A fter performing the in teg ra tio n  over the Doppler p ro f ile  using 
(3.6) and su b s titu tin g  fo r Bj2 according to (3.14), the following is  
obtained fo r the f ra c tio n a l change in  the population o f the upper ^ i D  g g M j
For rad ia tio n  in  the v is ib le  region o f the spectrum, the above may be 
evaluated to  give
0■SN; I, BiNz = -  1.6 X 10® . . Tj Aj 2 ( 1 --------- — ) , (3.26)
%  SzNi"
where Ij^  is  in  mW cm"^ and is  in  Hz.
T}u-. f ra c tio n a l change in  the population o f the upper lev e l is
determined by measuring the f ra c tio n a l change in  the spontaneous emission
s id e lig h t (6I/I)  associa ted  with tra n s itio n s  from the upper lev e l, since
6 I / I  = . (3.27)
Examination o f (3.25) i l lu s t r a te s  how the technique may be used
to in v estig a te  population inversions. Wlien a population inversion  e x is ts .
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ie  when
glNz^/ggNi" < 1 ,
the perturb ing  ra d ia tio n  decreases the spontaneous emission s id e lig h t 
from tra n s itio n s  o rig in a tin g  on the upper lev e l. Mien there  is  no 
population inversion , ie  when 
glN2°/g2Nl“ 5 1,
the perturb ing  ra d ia tio n  now increases the spontaneous emission 
s id e lig h t from tra n s itio n s  o rig in a tin g  on the upper le v e l. The dependence 
o f population inversions on conditions in  the ac tiv e  medium (such as 
gas p ressure , discharge cu rren t, e tc) can therefo re  be explored by 
studying changes in  the spontaneous emission s id e lig h t.
In the case when a population inversion is  es tab lished  to such an 
ex tent th a t the population o f the upper lev e l is  much g rea te r than the 
population o f the lower le v e l, the f ra c tio n a l population change on
the upper lev e l tends to  a lim itin g  value given by
= -  1-6 X 10^
P
= - 1 . 6 x 1 0 ^ - ~ 2 _ tiAi 2 , (3.28)
where Is the to ta l  power and a the c ro ss-sec tio n a l area o f illum inating  
radiation» In the case when the life tim e  o f the upper lev e l is  determined 
only by ra d ia tiv e  decay to the lower lev e l (ie  when 1), the
fra c tio n a l cliange is  independent o f the tra n s it io n  p ro b a b ility  and depends 
only on the in te n s ity  and linew idth  o f the illum inating  ra d ia tio n .
Since the in te re s t  here is  the app lica tio n  o f the technique to  a 
study of population inversions in  the  argon ion la s e r ,  ty p ica l values 
fo r the f ra c tio n a l population changes are tabu la ted  in  tab le  3»1 fo r 
4880 % and 5145 8  pertu rb ing  ra d ia tio n . Experimentally determined values, 
to be discussed in  the next sec tio n , are also  included. I t  w ill be seen 
th a t the changes are sm all. For example,in the case when the medium
3.9
is  illum inated by 4880 8  ra d ia tio n  o f power 100 mW, the fra c tio n a l 
change expected is  only 3%. Phase sen s itiv e  de tec tion  techniques are , 
however, well su ited  to the observation of the population changes. The 
illum inating  ra d ia tio n  is  modulated a t  a fixed frequency, and the 
changes produced in  the spontaneous emission s id e lig h t a t  the same 
frequency are  observed by phase sen s itiv e  detec tion .
As a method of determining gain or absorption, observation o f
upper lev e l population pertu rba tions has advantages over more conventional 
2methods . This is  p a r t ic u la r ly  so when small gain (or absorption) 
co e ffic ien ts  are involved. For example, in  the standard method where 
tlie change in  in te n s ity  o f the rad ia tio n  as i t  propagates through the 
medium is  measured, i t  is  d i f f i c u l t  to  use phase se n s itiv e  d e tec tion  
techniques, since these involve modulating the ac tiv e  medium. In 
p rin c ip le  the d ifferen ce  between standard gain measuring techniques and 
the s id e lig h t method discussed above is  th a t  in  the former the resonance 
rad ia tio n  is  perturbed by the medium, whereas in  the l a t t e r  the medium 
is  perturbed by the resonance rad ia tio n . Since i t  is  much e a s ie r  to  
modulate the rad ia tio n  f ie ld  than to  modulate the ac tiv e  medium, phase 
se n s itiv e  d e tec tion  techniques can be read ily  applied  in  the l a t t e r  
case, but not in  the former.
The s id e lig h t method, however, is  only sen s itiv e  in  the region of 
change-over from gain to  absorption (ie  where Nj /gx - N2/g 2) .''^"#ice large 
inversions have been es tab lish ed  the f ra c tio n a l change in  s id e lig h t 
rad ia tio n  becomes independent o f lev e l populations.
3.3 Experimental observations
Experimental d e ta ils  have already been discussed in  ch. 2. The 
argon discharge stud ied  was in  a water cooled quartz c a p illa ry , 4 mm 
in  diameter and about 10 cm long. Illum inating ra d ia tio n  was provided
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by an argon ion la se r  o s c il la t in g  a t  e ith e r  4880 8 (4p 4s
or 5145 8 (4p ^Dgy - 4s y ) .  In the fo m er case the population
change on the upper level was stud ied  by monitoring the spontaneous
emission rad ia tio n  a t  4228 8  (4p ^Dgy - 4s y ) and in  the l a t t e r
case by th a t a t  4426 8  (4p - 4s ) .  By using tra n s itio n s/ 2 /2
d iffe re n t from the la se r  t ra n s i t io n s ,  d i f f ic u l t ie s  a r is in g  from sca tte red  
la se r  rad ia tio n  were avoided. Typically  the outpui power of the la se r  
a t  4880 8  was 600 ~ 700 mW and a t  5145 8  300 - 350 mW, in  both cases 
spread over a beam diameter in  the  c a p illa ry  discharge of ju s t  under 
4 mm.
In figures 3.1 and 3.2 the dependences of the fra c tio n a l modulations
{% mW“ ^) of the s id e lig h t ra d ia tio n  a t  4228 8 and 4426 8 resp ec tiv e ly
on argon f i l l i n g  pressure is  sho\m  fo r a constant discharge curren t
o f 10 A (80 A cn r^ ) . At pressures below 120 mTorr, the fra c tio n a l
modulations approach constant values of approximately 8 x 10 mW
fo r the 4p ^D^y lev e l and 1.5 x 10 mW fo r the 4p ^Dgy  ^ le v e l.
I f  allowance is  made fo r u n c e rta in tie s  in  beam diameter and fo r the
non-uniform s p a tia l  d is tr ib u tio n  o f the la se r  ra d ia tio n , both are in
-3 -1reasonable agreement w ith lim itin g  values of 3 x 10 % mW and 
2 X 10 mW  ^ resp ec tiv e ly  derived th e o re tic a lly  in  (ch3,§2).
However, before the pertu rb a tio n s can be in te rp re ted  in  terms of 
reduced number d e n s itie s g N
N = (1 -  ,
gaNi
the various assumptions made in  (cr.3,P2) must bo o x a lü.od .c. re la tio n  
to conditions in  the argon discharge.
(i)  In equation (3.27) i t  was assumed th a t  the f ra c tio n a l change 
in  upper lev e l population is  equal to  the f ra c tio n a l change in  spontaneous 
emission s id e lig h t fo r tra n s it io n s  o rig in a tin g  from th a t le v e l. This 
is  the case only i f  the discharge is  o p tic a lly  th in  on th a t  tra n s i t io n
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when viewed a t r ig h t angles to  the tube ax is . Experimental evidence 
th a t the discharge is  o p tic a lly  th in  fo r  4p - 4s tra n s itio n s  has already 
been considered in  ch. 2 , where f ra c tio n a l pertu rbations on two tra n s itio n s  
(4880 8 , 4228 8 ) o rig in a tin g  from the same upper lev e l but term inating
on lower lev e ls  w ith widely d if fe re n t life tim es  were found to be equal
over an extended range o f discharge param eters.
Also, i t  can be shown th a t  the discharge is  o p tic a lly  th in  on a
5p a r tic u la r  t ra n s it io n  i f
k_D << 1 , (3.29T
where k is  the absorption c o e ffic ie n t a t  lin e  centre and D is  the tube
bore. For a Doppler broadened l in e
where upper lev e l e ffe c ts  have been neglected and is  the population 
of the lower le v e l. For the 4p - 4s tra n s itio n s  w ith large tra n s it io n  
p ro b a b ilit ie s  (A^  ^ ■X’ 8 x  10?s"i, ta b le  A,2) and fo r a 4 mm bore tube 
k^D is  6 X 10~i3 where is  in  u n its  of cn f^ , Kitaeva e t  al^
(Appendix A) have ca lcu la ted  th a t the to ta l  pumping ra te  to  a l l  lev e ls  
o f the 4s configuration  does not exceed 2 x lO^^s^^cm”  ^ fo r curren t 
d en s itie s  up to  330 A cm“  ^ and pressures up to  0.62 T orr, and most o f th is  
pumping is  expected to  be to  tlie sh o rt lived  doublet 4s le v e ls . On the 
b asis  of comparable pumping to  a l l  4s levels  and using a ca lcu la ted  l i f e ­
time fo r the long lived  4s lev e l of 27 x 10”  ^ s (tab le  A ,3), the
maximum population o f a q u a rte t 4s lev e l is  un like ly  to  exceed lOdi çm"^.
The maximum k^D value is  th erefo re  around 0.06, so confirming the 
experimental observation th a t the discharge is  o p tic a lly  th in  on 4p - 4s 
tra n s it io n s .
( i i )  In equation (3.23) s im ila r lin e  p ro file s  fo r  the perturb ing  
(la se r) rad ia tio n  and fo r  the resonance tra n s it io n  in  the discharge were 
assimed. For th is  to  be a reasonable approximation the la se r  must o s c il la te
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multimode so th a t  rad ia tio n  is  em itted across most o f i t s  gain p ro f i le ,  
the gain p ro f ile  must be s im ila r  to  the lin e  p ro f i le  o f the resonance 
t ra n s it io n  and any re la t iv e  s h i f t  in  centre frequencies due to ion d r i f t  
must be sm all. The f i r s t  requirement was f u l f i l l e d  by operating tlie la s e r  
w ell above th resho ld  and by choosing a su itab le  combination of m irrors 
to  allow o s c il la t io n  o f high order transverse  modes. Examination o f the 
power output w ith a scanning Fabry Perot in terferom eter confirmed th a t 
o s c il la t io n  was indeed multimode. Since the Doppler linewidtli depends 
on the square root o f the absolute ion temperature and th is  has been 
sho^vn to be only weakly dependent on discharge cu rren t and v ir tu a l ly  
independent of pressure in  the argon discharge (Appendix A ), the second 
requirement is  s a t i s f ie d .  Infoim ation on ax ia l d r i f t  v e lo c itie s  fo r  
the ions is  in co n sis ten t between d iffe re n t in v e s tig a to rs , but maximum 
values do not exceed about 2 x 10^  ^ cm s “  ^ (Appendix A ). Since the h a l f ­
width o f the Doppler broadened lin e  corresponds to an ion v e lo c ity  o f 
about 2 X 10  ^ cm s~^, displacement o f the two p ro f ile s  is  un like ly  to 
exceed one ten th  o f th e i r  width a t tlie most, and the th ird  requirement 
is  therefo re  f u l f i l l e d .  While d ifferences in  linew idth could lead  to  
changes in the magnitude of the fra c tio n a l p e rtu rb a tio n s , they could 
not lead to  dianges o f sign .
( i i i )  In deriv ing equation (3.22) f ra c tio n a l pertu rbations were 
assumed to be much le s s  than u n ity . Maximum values observed are le ss  
tlian 5% and so th is  assumption is  v a lid .
(iv) F ina lly , the dependence o f the upper lev e l life tim e  on 
discharge conditions must be considered. I f  x  ^ v a r ie s , then the f ra c tio n a l 
pertu rb a tio n  w ill  vary correspondingly (equation 3 .26 ), even though N 
remains constant. As discussed in  Appendix A (A.3 .8 ) Vladimirova e t  a l 
report th a t with both increasing  pressure and increasing  cu rren t, 4p 
life tim es  decrease.
I t  may be seen from f ig .  A. 17 th a t  ty p ic a lly  the life tim es  of the
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4p ^0^5/2  and 4p 5y2 leve ls  appear to decrease by some 30% over the
pressure range 0 - 1.5 Torr and curren t range 0 - 11 A (2mm bore).
We have repeated the life tim e  measurements fo r  the 4p y2 le v e l,
using the technique of Vladimirova e t  a l ,  over the cu rren t range 
6 -  12 A and a t a pressure of 150 mTorr in  a 4mm bore tube.
In th is  technique the p e rtu rb a tio n  s ignal on the upper la se r  lev e l 
is  measured in  the active medium o f the la se r  o s c i l la to r  i t s e l f ,  not 
an ex ternal c e l l ,  together w ith the coherent power output. From (1.3) 
and (1.5) i t  may be seen th a t
ÔN3 = “ P ri(b v i2) “S  
where P is  the to ta l  coherent power ex trac ted  per u n it volume. This 
is  given by
P = (1 + $) v ^ -i,
where is  the measured output power through the coupling m irro r,
3 allows fo r p a r a s i t ic  losses and is  the mode volume in  the active 
medium. Hence we have
(6I/P^) « (6Ni/P^) = T i ( l  + 3)Va"l .
Provided th a t the mode volume and fra c tio n a l p a r a s i t ic  losses are constan t, 
(6 I/P^) is  p roportional to  In f ig .  3 .6 , 6l(4p ^D^g/p), P^(488o8) and
(6I/Pj^) are p lo tte d  as a function of discharge cu rren t. Apart from the 
range below 8 A where the e rro rs  are large due to small 61, (6I/P^) is  
cu rren t independent. Since the mode volume tends to  increase with curren t 
and 3 is  approximately independent of cu rren t, th is  implies th a t T[ is  
independent of discharge cu rren t fo r th is  pressure condition . For pressures 
and cu rren t d e n s itie s  o f in te re s t  in  the p resent experim ents, th e re fo re , 
dianges in  are less  than those reported  by Vladimirova e t  a l as expected.
Although some decrease in  | ( 6 I / I ) |  w ith pressure may be expected, 
the observed decrease is  very much la rg e r  than can be accounted fo r by 
life tim e  changes, and fu rth e r the diange in  sign cannot be account fo r 
a t a l l  in  th is  way. Witli regard to  the cu rren t dependence, | (61/1)1
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is  found to  increase w ith increasing  cu rren t, contrary  to  the e f fe c t 
expected on the basis  o f life tim e  changes. Thus even i f ,  as suggested, 
the upper lev e l life tim e  does change, i t  cannot account fo r  the p rin c ip a l 
fea tu res  o f the curves, but only introduces some uncerta in ty  in  the 
estim ates of N.
At pressures above 180 mTorr N decreases w ith increasing pressure 
fo r both tra n s it io n s , reaching zero around 280 mTorr, and then becomes 
negative fo r higher p ressu res. This ind ica tes  th a t as the argon pressure 
increases the population inversions on both the 4880 8 (4p -
4s ZPgy ) and 5145 8  (4p - 4s ^Pgy^) tra n s itio n s  are progressively
reduced, w ith upper and lower lev e l populations comparable around 280 mTorr. 
Since both tra n s itio n s  share a common lower le v e l, and since the pressure 
dependence of th e ir  upper lev e l populations is  s im ila r  (fig . A .23 ] th is  
s im ila r ity  in  N is  to  be expected.
The dependence o f N on discharge curreh t is  shown in  f ig s .  3.3 
and 3.4 fo r  the 4880 8 and 5145 8  tra n s itio n s  re sp ec tiv e ly . Although 
N does change from negative (absorption) to  p o s itiv e  (gain) with increasing  
cu rren t, the cu rren t dependence is  weak. For example, fo r the 4880 8 
tra n s it io n  a t  a p ressu re  o f 230 mTorr the change is  only from - 0.16 
to  + 0.03 fo r a curren t change from 5A (50A cm"^) to  15A (150A cm~^) ,
The 5145 8  tra n s i t io n  shows a s im ila r  behaviour.
In order to  in te rp re t  the data on population inversions, we f i r s t  
analyse the proposed ex c ita tio n  pathways fo r the 4p and 4s s ta te s  
using the flow graph technique (Appendix B). On the b asis  of the 
discussion o f e x c ita tio n  mechanisms given in  Appendix A, the flow graph 
shown in  f ig .  3.5 has been drawn up. The ex c ita tio n  processes are 
traced  only from the ion ground s ta te  (g ), since the e a r l ie r  steps 
(neu tral ground s ta te  to  n eu tra l m etastable s ta te ,  to  ion ground s ta te )  
are common. From the ion ground s ta te  e x c ita tio n  to  the 4p s ta te s  can
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proceed e i th e r  ( i)  d ire c tly  ( t g j ) , ( i i )  v ia  some higher (4d) s ta te  
followed by rad ia tiv e  cascade ( r  f  ) ,  or ( i i i )  v ia  an interm ediategC Cl
m etastable (3d, q u a rte t 4s) s ta te  (r^^  ^ r^^) . For the 4s doublet s ta te s  
ex c ita tio n  can proceed e i th e r  ( i)  d ire c tly  from the ion ground s ta te  
( r  . ) ,  or ( i i )  by ra d ia tiv e  decay from the 4p s ta te s  ( f^ ^ )•
The e x c ita tio n  pathways to upper and lower la se r  leve ls  and the 
f i r s t  and second order loops th a t occur in  f ig .  3.5 are summarized in  
tab le  3 .2 . Using the loop ru le  (B .l) the populations o f  the 4p and 
doublet 4s s ta te s  can be w ritten  as
Ni = + V  fc i + V  (3-31)
Nz = + V  fc i + V  ■ "'mi
and
respectively  where
S = 1 - S L(l) + Z L(2) -  .............
Expressions (3.31) and (3.32) may be applied to  ind iv idual 4p 
and doublet 4s s ta te s  i f  the r*s and f ’s are regarded as averages talcen 
over the appropriate in term ediate s ta te s  th a t are c o ll is io n a lly  o r 
rad ia tiv e ly  coupled to  the 4p o r 4s s ta te  under consideration . In general
computation o f the r ' s  and f ' s  i s  d i f f i c u l t ,  but from the p o in t o f  view
o f the subsequent argument i t  is  the functional form o f  (3,31) and
(3.32) th a t is  im portant. I f  we l e t  the s t a t i s t i c a l  weight o f  the
p a r t ic u la r  4p s ta te  be g  ^ and the p a r tic u la r  doublet 4s s ta te  be g^, 
then fo r the tra n s it io n  between them we have
M n f r .  ^ ~ ^mi ^im______________________  .
'  §2 ( rg j /rg j)  + ( rg P rg ,) f^ ^  +
which may be w ritten
N = CAi, - h h p ,  (3.34)
where
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and A Is  the E in ste in  c o e ffic ie n t fo r  the tra n s itio n  1 to  2 and 
is  the c o llis io n a l decay ra te  from 1 to 2. We must now examine the 
various terms in  (3.33) and (3 .34 ), and in  p a r t ic u la r  th e ir  dependence 
on discharge co n d itio n s .
The ra tio s  ( r^ ^ /r^ ^ ) , and (fgm/^gz) functions only
o f e lec tro n  tem perature. I f  the m etastable s ta te  population is  sa tu ra ted  
with respect to the ion ground s ta te  (ie  i t s  p rin c ip a l decay is  through 
e lec tro n  c o l l is io n s ) , then r^^ also  i s  dependent only on e lec tro n  
tem perature. There i s  some evidence (discussed in  the next paragraph) 
that, the life tim es  o f the 4p s ta te s  may be reduced by e lec tro n  c o llis io n s .
I f  th is  is  the case then f^^ is  e i th e r  unaltered  i f  the c o llis io n a l 
decay processes branch according to the rad ia tiv e  tra n s it io n  p ro b a b ili t ie s ,  
or decreases w ith increasing  c o ll is io n a l  destru c tio n  i f  th is  is  p a r tly  
through e x c ita tio n  to  higher s ta te s .  This argument may also be applied 
to the c o e ffic ie n t f^ ^ . I t  th erefo re  follows th a t in  the case when the 
m etastable population is  sa tu ra ted  w ith respect to the ion ground s ta te ,
F is  e i th e r  a function o f  e lec tro n  tenperature only o r a function o f 
both e lec tro n  temperature and e lec tro n  density  but monotonically increasing  
as the l a t t e r  increases. In both cases F decreases w ith increasing  e lec tro n  
temperature since the e x c ita tio n  ra te s  to the 4p s ta te s  increase more 
rap id ly  than those to the 4s s ta te s  (see ta lbe  A.8 and f ig .  A .32).
There is  evidence th a t  both and depend on discharge conditions; 
because o f c o llis io n a l destruc tion  o f the upper la se r  s ta te s  (see A .3 .8) 
and X because o f rad ia tio n  trapp ing . This l a t t e r  e f fe c t  may be estim ated 
by using (3.29) and (3.30) to ca lcu la te  k^D fo r tra n s itio n s  between 
doublet 4s lev e ls  and the ion ground s ta te .  Taking ~ 2 x 10^ s “^
(tab le  A.3) and assuming an ion temperature o f 3000 - 4000 K ( f ig . A.4), 
then fo r  a 4 mm bore tube k D is  approximately 6 x IQ-^^N , where N is
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the e lec tro n  density  (cm“^) which has been assumed equal to  the ion 
ground s ta te  density . At pressures around 200 mTorr and curren t 
d en s itie s  around 100 A cm“^ , the discharge conditions appropriate to 
f ig s . 3.3 and 3 .4 , the e lec tro n  density  is  in  the range 1 - 3 x ICdS cm"3 
(f ig . A.8), and so k^D is  in  the range 0.6 - 2 implying th a t rad ia tio n  
trapping e ffe c ts  are s ig n if ic a n t in  increasing  the life tim es  o f the 
doublet 4s le v e ls . I t  should be pointed out th a t th is  estim ate of 
rad ia tio n  trapping is  only approximate in  th a t an iso tro p ic  ion 
temperature and an homogeneous plasma have been assumed.
We may conclude therefo re  th a t the ra tio  (3.34) must
e ith e r  be constant o r increase witli increasing curren t since may 
decrease witli increasing  curren t because o f c o ll is io n a l des tru c tio n  and 
Tg increases w ith increasing  cu rren t because o f increasing  e lec tro n  
density  ( f ig . A .8)
I f  the e lec tro n  temperature i s  independent of discharge cu rren t, 
then a l l  the processes discussed above w ill tend i f  anything to reduce 
N witli increasing  discharge cu rren t. The observation th a t N increases 
witli increasing discharge cu rren t - see f ig s . 3.3 and 3.4 - i s  d ire c t 
evidence th a t the e lec tro n  temperature is  increasing  w ith increasing  
discharge c u rre n t.
Such a conclusion is  co n sis ten t w ith the cu rren t dependence shown 
by tlie populations o f the 4p s ta te s  a t the higher pressures ( f ig , A.24).
On the basis  o f ex c ita tio n  v ia  the ion ground s ta te  or a sa tu ra ted  
m etastable s ta te ,  a quadratic  cu rren t dependence fo r  the 4p s ta te s  is  
to  be expected i f  the e lec tro n  temperature is  constan t. I f  however the 
e lec tro n  temperature increases w ith increasing cu rren t then the cu rren t 
dependence w ill be g re a te r  than quadratic  as is  observed.
I t  should, hwoever, be noted th a t  otlier explanations fo r the cu rren t 
dependence of N may be advanced i f  the generally  accepted e x c ita tio n
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mechanisjîis fo r  the 4p and 4s s ta te s  are disregarded. For example, i f  
the predominant ex c ita tio n  mechanism fo r the 4s s ta te s  is  from n eu tra l 
m etastable s ta te s  ra th e r  than the ion ground s ta te ,  then the e x c ita tio n  
ra te  fo r the 4s s ta te s  would be a l in e a r  function o f  discharge curren t 
since the n eu tra l m etastable s ta te s  are sa tu ra ted  (see A.3 ,9 ). In such 
a circumstance and w ith a quadratic  cu rren t dependence fo r  the populations 
o f the 4p s ta te s ,  the population inversion would be expected to increase 
witli increasing discharge cu rren t, even with a constant e lec tron  
tem perature. The assumption th a t  the ion m etastable d en s itie s  are 
sa tu ra ted  has already been po in ted  ou t. The evidence fo r th is  is  
discussed in  A.3 .9 . I f  the m etastable d en s itie s  have no t reached 
sa tu ra tio n  then r^^ w ill  be increasing  with discharge cu rren t and th is  
could then explain the increase in  N with discharge cu rren t.
The decrease in  N w ith increasing  pressure fo r both the 4880 8 
and 5145 8 tra n s itio n s  ( f ig . 3.1 and 3.2) may be explained by increasing 
rad ia tio n  trapping fo r  tra n s itio n s  from the 4s doublet s ta te s  togetlier 
w ith a decrease in  the re la t iv e  e x c ita tio n  ra te  to 4p s ta te s  compared 
to  4s s ta te s  (see A.4) due to decreasing e lec tro n  temperature (see A .3 .6 ). 
In f ig .  3.1 the experim entally determined N values fo r the 4880 8 
tra n s it io n  are compared with average values o f  N fo r doublet 4p -  4s 
tra n s itio n s  determined from the estim ates o f 4p and 4s populations made 
by Kitaeva e t  a l (see tab le  A. 8). These l a t t e r  r e fe r  to  a higher 
discharge curren t density  (160 A cm"^) and a sm aller bore diameter (2mm) 
than the experimental values (100 A cm“^, 4mm), but are the only ca lcu la ted  
values availab le  fo r comparison. The condition N -  0 occurs a t  higher 
pressures in  th is  case, and th is  is  to be expected in  view o f the higher 
discharge curren t density  and sm aller bore diameter involved.
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Table 5 .1  Limiting values of frac tio n a l perturbations on upper la se r  levels
Paths
F ir s t  Order Second Order To Upper Level (1) Loops not Touched
mlm
g2g
gmlg
gml2g
gclg
gcg
mgm
gclmg
glmg
gig
gl2g
mlmg2g
mlmgcg
To Lower Level (2)
V g 2
V gC ^C l^l2
\^gm^mi^i2
\^ g i^ i2
none
none
none
mlm
none
none
none
Table 3,2 Loops and paths associated  w ith 
flow graph o f f ig . 3.5.
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Figure 3.1 Ij^actional modulation a t 4228A when illuminated with 4880A 
rad ia tion  as a function of f i l l in g  pressure (mTorr). The frac tio n al 
modulation i s  e^igpressed as ^  change per mW of illim inating  rad iation , 
end N deduced from the change i s  also shorn. Discharge current density 
100 A on"" , 4mm bore tube. The dashed lin e  shows the values of ÏÏ 
calculated by Kitaeva a t 160 A cm”"  ^ in  a 2mm bore tube (see Table A.8). 
Figure 3.2 Fractional modulation a t 4426 A when illuminated with 5143 A 
rad ia tion  as a function of f i l l in g  pressure (mTorr). Discharge current 
density 100 A cm" , 4mm bore tube.
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Figure 3 .3  Fractional modulation at 4228 A when illuminated with 4880 A 
radiation ùb a  function of discharge current ( A with f i l l in g
pressure as parameter (mTorr). 4 mm horo tube.
Figure 3 ,4  Fractional modulation at 4426 A when illuminated with 5145 A
radiation as a function o f discharge current (A 280 mTorr, 4 mm bore.
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Figure 5*5 Flow graph describing excitation  processes for the 
4p ( l )  and 4s (2) ion le v e ls , m represents a general 
metastable sta te  ( 3d, quartet 4s ) , . c  sta tes from which < 
radiative cascade can occur (4d), and g  the ion ground s ta te .
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Figure 3.6 Power output a t 4880 S ( P^), perturbation in  spontaneous emission 
from 4p level ( $ 1 ) and ( S l /T j J  as a function of discharge curren t.
F illin g  pressure 150 mTorr^\^bore diameter 4 ma, o sc illa tio n  a t 4880 % only. 
Error bars ore placed on some of the  (5  3/ P, ) po in ts, \
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CHAPTER 4
POLARIZATION IN PERTURBATION SPECTRUM
4.2
4.1 Introduction.
In th is  chapter we consider p o la riz a tio n  e ffe c ts  th a t  a r is e  in  
the p e rtu rb a tio n  spectrum as a consequence o f the lin e a r  p o la riz a tio n  
o f the coherent rad ia tio n  w ith in  the la s e r  cav ity . In p a r t ic u la r  we 
are concerned w ith p o la riz a tio n  e ffe c ts  on tra n s itio n s  (488oX, 422sX) 
o rig in a tin g  on the 4p le v e l, both when an ax ia l magnetic f ie ld
is  applied  as w ell as when only t h e . se lf-g en era ted  magnetic f ie ld  
due to  the discharge cu rren t i s  p resen t.
F ir s t  o f a l l  we discuss a simple th e o re tic a l treatm ent o f the 
experiment based on a ra te  equation approach, then p resen t a f u l l  
sem i-c lassica l ana lysis  to  demonstrate how the p o la riz a tio n  r a t io  
is  re la te d  to the life tim e s  o f excited  s ta te s ,  and f in a lly  consider 
the experimental r e s u l ts .
4.2 T heoretical anaiys i s  by raté equations
P o la riza tio n  ra t io s  are  ca lcu la ted  fo r  the 4p ^D°s/ 2  ” is  ^Pa/ 2
(4880A) and 4p ~ i s  (4228% tra n s itio n s  following the
method formulated by Van Vleck^. This is  done fo r the cases o f ( i)  a 
c y lin d ric a lly  symmetrical magnetic f ie ld ,  ( i i )  zero magnetic f ie ld  and
( i i i )  an ax ia l magnetic f ie ld .
The case where there  is  a f ie ld  a t  r ig h t angles to the propagation 
d ire c tio n  o f the la s e r  rad ia tio n  is  f i r s t  considered. Such a f ie ld  
a r ise s  in  the discharge due to the dc discharge cu rren t, and is  o f 
magnitude
B^  -  Ij  ^ r /5  R2 gauss, (4.1)
where Ij  ^ i s  the discharge cu rren t (A), r  is  the ra d ia l d istance  from 
the tube cen tre  (cm) and R is  the rad ius o f the discharge tube (r  g R).
In (4.1) is  has been assumed th a t  the cu rren t density  is  uniform over 
the c ro ss-sec tio n  o f the discharge tube. The geometry fo r th is  case 
is  i l lu s t r a te d  in  f ig s . 4 .1 (a) and (b ) . The magnetic f ie ld  d ire c tio n
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B, viewing d ire c tio n  V and p o la r iz a tio n  d ire c tio n  o f the  la se r  rad ia tio n/V/
X (d irec tio n  o f e le c tr ic  f ie ld  vector) are  a l l  in  the same plane and 
perpendicular to  the propagation d ire c tio n  o f the la se r  ra d ia tio n  (k ) ,
Tlie angle between V and X is  zero fo r d ire c tio n  V2 and t t / 2  fo r d ire c tio n  
V j. An in teg ra tio n  must eventually  be performed over (f> to  take in to  
consideration  the varying d ire c tio n  o f the B  ^ f ie ld  in  the discharge.
The Zeeman sub levels , sp ec ified  by M^of the 4s ^^ 5 / 2  :^ad 4p 
lev e ls  are i l lu s t r a te d  in  f ig .  4 .2 , which also  describes the  p o la riz a tio n  
s ta te  o f the rad ia tio n  asso c ia ted  w ith tra n s itio n s  involving d iffe re n t 
p a irs  o f sub levels. The steady s ta te  population o f one o f the upper 
la s e r  sublevels in  the absence o f la s e r  rad ia tio n  may be w ritten  by 
analogy w ith (1.2) and (1.4) as
RiCMi) = NjCMi) (4.2)
w hile in  the presence o f  la s e r  ra d ia tio n  th is  becomes
Rl(Mi) = {Ni(Mi) - 6N i(M i)}tT fl + Bia(a,Mi) (MJ - 6Ni(Mi)} r f - i
(4.3)
where ôNi(Mi) is  the decrease in  the population o f the  sublevel due to 
la s e r  rad ia tio n , Bj2(a,Mi) is  a c o e ff ic ie n t describ ing the  stim ulated  
emission process fo r the sublevel and depends on the p o la riz a tio n  s ta te  
o f the la se r  ra d ia tio n  designated by a , R^  (M%) is  the e x c ita tio n  ra te  
to  the sub level, i s  the in te n s ity  o f the la se r  ra d ia tio n  and is  
the life tim e  o f the sublevel ag a in st ra d ia tiv e  decay by spontaneous 
emission. The life tim e  x ^ .is  the same fo r a l l  sub levels.
The two equations (4.2) and (4.3) may be solved fo r (M^), and
i f  i t  is  assumed th a t  the f ra c tio n a l population change is  sm all, then 
we have
ôNi(Mi) = Bi2(a,Mi) Ni(Mi) xj
- Bi2(a,Mi) I I  Ri(Mi). (4.4)
I f  R^  (Ml) is  the same fo r  a l l  magnetic sublevels then we can w rite
4,4
ôNi(Mi) = constant 2 (a ,M l), (4.5)
We now determine the c o e ff ic ie n t Bi2 (a,Mi) fo r  the d iffe re n t
2sub levels . I t  may be shown (see fo r  example Powell and Crasemann or 
3M aitland apd Dunn ) th a t  the p ro b a b ility  o f induced emission in  the 
dipole approximation is  p roportional to
l<f| a.D ii> l^  , (4.6)
where f  represen ts the f in a l  s ta te ,  i  the i n i t i a l  s ta te  and ^  is  u n it 
vector in  the d ire c tio n  o f the  e le c tr ic  f ie ld  o f  the ra d ia tio n .
For the geometry shown in  f i g . 4,3 the u n it vector a may be 
expanded in  terms o f a r ig h t handed s e t  o f orthogonal u n it  v ec to rs,
*1» Î 2 , as
a = a j i i  + agia + > (4.7)/V A/
where 13 i s  in  the  d ire c tio n  o f the magnetic f ie ld  B, and i i  is  in  the
plane o f B and For the p a r t ic u la r  geometry shown in  f ig .  4.1(b) i t
then follows th a t
ai = 0, a2 = sin# and ag = cos#. (4.8)
I t  may be shown from the p ro p erties  o f the  m atrix  elements (4.6)
describ ing  tra n s itio n s  between d if fe re n t p a irs  o f sublevels (Powell 
2and Crasemann ) th a t
M + 1| a .  D|a,J,M> = J (a i - i a 2)<a',J*,M  + l|D+|a,J,M > 
<a’ ,J',M - l | a .  D|a,J,M> = | ( a i  + ia 2)<a',J»,M  - l|D_|a,J,M >
,M|a . D|çt,J,M> = ag <«’ ,M|Dg|c^,J,M>, (4.9)
where the primed terms r e fe r  to the f in a l  s ta te  and the unprimed terms 
to the i n i t i a l  s ta te .  For the  geometry o f f ig .  4 ,1 (b ), where x -  ti/ 2, 
and using (4 .8 ), (4.9) reduces to
l | a .  D|a,J,M>|2 = |  sin^ij, | < a ',J ',M  - 1 |D_ | a,J,M> | ^
2 =
For both the tra n s it io n s  w ith which we are  concerned here where
|< a ', J ',M |a .  D |a ,J ,M > r  COsZ4 |< o ',J ',M |D 3 |ci,J,M.,|^ , (h.10)
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4 2(J “ J ' )  = +1, i t  may be shoim (Condon and Shortley Powell and Crasemann ) 
th a t
|<M+l|D^|M>|^ « (J -  M -  1)CJ -  M)
|<M-1|D_|M>|^ « CJ + M -  1 ) ( J  + M)
|<M|D3|M>|^ « (J2 -  m2) , (4.11)
SO th a t  f in a lly  we ob tain
BizC&fMi) -  constant { (Ji^  - cos^#
+ (d% - Ml - l ) ( d i  Ml) sin^#
+ 1  (J.1 + Mj -  l ) ( J j  + Ml) sin2*}. (4 .12 )
R elative values o f the m atrix elements given by (4.11) fo r  J  -  5/2 
have been tabu la ted  in  ta b le  (4 .1 ), and these give the following fo r 
the population changes on the d if fe re n t magnetic sublevels 
ôNi (_+5/2) -  Cj 5 sin^# 
ôNi(+3/2) = Cj (4 cos2# + 3 sin^#)
ôNi(+l/2) = Cl (6 cos%# + 2 s i n 4 ) .  (4 ,1 3 )
Having derived expressions fo r the  population changes of the 
magnetic sublevels o f  the upper la s e r  le v e l, we must now determine the . 
e f fe c t of these on the p o la r iz a tio n  o f the modulated component o f the 
spontaneous emission s id e lig h t (the p e rtu rb a tio n , spectrum) when observed 
in  a general viewing d ire c tio n  V. For spontaneous emission from one 
o f the upper la s e r  sublevels (%i, J i ,  Mi) to  a sublevel (0 3 , J 3 , Mg) 
of a lower le v e l, not n ecessa rily  the  lower la se r  le v e l, the in te n s ity  
change is  given by
6 l(a i ,  J i ,  Ml, ag, Jg , Mg, V, b) -  const. 0N1 (Mi) | <ag, Jg ,Mg |b .D |a i , J i  ,Mi |
(4 .14 )
where ^  sp e c ifie s  the o rie n ta tio n  o f the analyser used in  the observation 
o f the em itted ra d ia tio n . The to ta l  in te n s ity  o f the modulated rad ia tio n  
is  given by summing (4.14) over the allowed tra n s itio n s  from the s e t
o f sublevels o f the upper lev e l to  the s e t  of sublevels o f the lower
le v e l, so th a t  we have
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Sl(oti, J i , ag, Jg , V, b) -  Ï, S,. 6Ni(Mi) |<ag, Jg , M g|b.D |ai, J%, Mi>| .
Ml Mgallowed . (4.15)
In order to  determine the m atrix  elements we w rite  as before
b = b i l l '  + b z ia ' + bg ig ' , (4.16)A/ /V
where the u n it vectors are defined in  f ig .  4 ,4 .
In the case when the analyser i s  o rie n ta ted  to  accept l in e a r ly  
po larized  rad ia tio n  w ith i t s  e le c t r ic  vector p a ra l le l  to  the axis o f 
the discharge tube (^ ’) then
h i ’ -  0 , b2 ' = 1 , bg' 0 , (4.17)
so th a t the m atrix elements according to  (4,9) become 
|<otg, Jg , Ml + l | b ’ .D |a i, J i ,  Mi>|2 « 3 |<ag, Jg , Mi + l |D ^ |a i ,  J i , Mi>|^
|<ag, Jg , Ml - l | b ’ .D |a i, J i ,  Mi>|^ « Jd» ^1 " l |D _ |o i ,  J i ,  M pP
|<ag, Jg , M i|b '.D |a i ,  J i ,  Mi>P « 0 . (4.18)
# e n  the analyser i s  rotated through tt/ 2 r e la t iv e  to the f i r s t  p o s it io n , 
we have
b i"  = ÇOS0 , b2" = Ô, bg" = sine , (4.19)
so th a t  the m atrix elements are now
|<ag, Jg , Ml + l |b " .D |a i ,  J i , M p p  « |cos^e |<ag , Jg , Mi + l |D ^ |a ] ,  J i , Mi>| %
I <03, J 3 , Ml - l |b " .D |a i ,  J i ,  Mi>P = lcos^e|<ag, Jg , Mi - l |D _ |a i ,  J i ,  Mi>|%
I <0 3 , J 3 , M i|b " .D |a i, J i ,  Mi> |2  = sin^e I <a3, J g , M i|D g|ai, J i , Mi>|^. (4 . 20)
To ca lcu la te  the in te n s ity  changes observed fo r  the two p o la r isa tio n
s ta te s  (b’ , b") and in  a general viewing d ire c tio n , the values fo r  6N1 (Mi)
given by (4.13) are su b s titu te d  in to  (4,14) together w ith the m atrix 
elements given by (4.18) and (4 .2 0 ), so th a t we obtain  
61 (V, b ’) « C2(38sin^# + 24cos%#)
6I(]^, ^") = C2(38sin%# + 24cos^# -  14sin^#sin^8 + 28cos2<j)sin^e)
(4 . 21)
I f  we define a p o lariza tion  r a tio  for  a s p e c if ic  viewing d irection
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where 61 is  the maximum in te n s ity  of the modulated component and 61 .lUclA. lilX ii
is  the minimum in te n s ity  ( ie  when the analyser is  ro ta te d  through tt/ 2 )  ,
then su b s titu tin g  from (4.21) gives in  th is  case
p  „  (28cos%# -  14sin^(t>)sin^e _______________________________ ,  (4.23)
(48cos^# + 76sin^#) + (28cos%# - 14sin^#)sin^6
For the case of zero magnetic f ie ld  the p rin c ip le  o f spectroscopic
cs ta b i l i ty  (Heisenberg 1926 ) may be applied . This s ta te s  th a t the ra tio  
in  the zero f ie ld  case i s . the. same as th a t in  the presence o f a magnetic 
f ie ld  applied p a ra l le l  to  the d ire c tio n  o f the e le c f r ic  vec to r o f the 
pertu rb ing  rad ia tio n  (# ? 0 ) . For the zero f ie ld  case (4.23) th erefo re  
reduces to
p a ^  , (4.24)
48 + 28sin^e
In ta b le  (4 .2 ), p o la r iz a tio n  ra t io s  associated  w ith d if fe re n t viewing 
d irec tio n s  and fo r  d iffe re n t magnetic f ie ld  configurations are summarized. 
For the case o f a uniform f ie ld ,  averages o f  the 61's  in  (4.21) were 
f i r s t  taken before su b s titu tio n  in  (4 .22). For the case o f an ax ia l 
magnetic f ie ld  (B p a ra l le l  to  k ) , tlie p o la r iz a tio n  r a t io  was reca lcu la ted  
fo r the new geometry using equations (4 .5 ), (4 .9 ), (4.11) and (4 .15).
In tlie above we have assumed th a t  i t  i s  possib le  to  associa te  
d isc re te  magnetic sublevels w ith both the upper and lower lev e ls  o f the 
t r a n s i t io n ,  and on th is  b as is  have used ra te  equations to determine the 
influence of l in e a r ly  p o larized  ra d ia tio n  on the populations o f  the 
d iffe re n t magnetic sublevels o f  the upper lev e l (4 .5 ). The assumption 
o f d isc re te  sublevels i s  v a lid  only i f  the applied magnetic f ie ld  s p l i t s  
the lev e ls  beyond the n a tu ra l width due to th e ir  f in i t e  l ife tim e s . I f  
the f ie ld  s tren g th  is  le ss  than th i s ,  a d escrip tio n  so le ly  in  terms o f 
sublevel populations i s  no longer adequate since coherence e ffe c ts  between 
the sublevels lead  to  o ff-d iagonal terms in  the density  m atrix fo r  the 
system.
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For the tra n s it io n s  o f in te re s t  here (4p 5 / 2  ” 4s
4p ^D^5/2  “ 4s ^Pgy^) the life tim e s  o f the lev e ls  involved d i f f e r  widely 
(tab les  A.2 and A.3 : 9nS, ZPg/a Q.4nS, '+P3/2  27nS). As a
magnetic f ie ld  i s  app lied , th e re fo re , the upper lev e l o f the 4880%. 
tra n s it io n  s p l i t s  in to  d isc re te  sublevels before the lower lev e l of th is  
t ra n s i t io n , while the converse i s  the case fo r the 4228% tra n s i t io n .
I t  i s  shown in  the next sec tion  th a t  in  the  p resen t experiments i t  is  
the s p l i t t in g  o f the upper le v e l only th a t influences the p o la r iz a tio n  
r a t io .
For magnetic f ie ld s  producing s p li t t in g s  small compared to  the 
n a tu ra l width o f the upper le v e l the p o la riz a tio n  r a t io  is  th a t  corresponding 
to  the zero f ie ld  case, while fo r  f ie ld s  producing s p li t t in g s  large  
compared to  the n a tu ra l width o f  the upper lev e l the p o la riz a tio n  ra t io  
i s  th a t  given by the ra te  equation approach discussed above. The behaviour 
of the p o la riz a tio n  r a t io  in  the interm ediate f ie ld  case i s  discussed 
in  the next sec tion .
An in v estig a tio n  o f the change o f p o la riz a tio n  ra tio  w ith magnetic 
f ie ld  s tren g th  enables the upper lev e l life tim e  to be determined even 
in  the presence o f a sh o rt lower lev e l life tim e  which i s  then the 
determining fac to r  fo r  the homogeneous linewidtb*
4.3 Sem iclassical treatm ent o f p o la r iz a tio n  ra tio s
We now presen t a sem i-c lassica l treatm ent fo r  the in te ra c tio n  of 
monochromatic u n id irec tio n a l o p tic a l rad ia tio n  w ith a co llec tio n  o f atomic 
systems in  a magnetic f ie ld .  We assume in i t i a l ly  th a t  the atomic systems 
are s ta tio n a ry  (no inhomogeneous broadening) • The sign ificance  o f a 
f in i t e  bandwidth fo r  the o p tic a l rad ia tio n  and a d is tr ib u tio n  o f v e lo c itie s  
amongst the system w ill  be discussed la te r .
An atomic system in  the absence o f the magnetic f ie ld  is  considered 
to  have two energy le v e ls ,  both o f which are degenerate. The energy
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lev e ls  are such th a t  th e i r  energy separation  is  close to  the frequency 
o f the o p tic a l ra d ia tio n , and th a t  dipole tra n s itio n s  can occur between 
them. The magnetic f ie ld  i s  considered to  s p l i t  the degenerate energy 
lev e ls  in to  s ta te s  designated m fo r  the upper lev e l and y fo r the lower 
le v e l . Other energy lev e ls  associa ted  w ith the atomic system to which 
the two energy lev e ls  considered e x p lic i t ly  can decay are taken in to  
account phenomenologically by the in troduction  of damping constant 
(yi fo r  the upper le v e l,  Y2 fo r  the lower leve l) a f te r  the method of 
Wigner and Weisskopf^.
The Hamiltonian fo r a p a r t ic u la r  atomic system in  the presence o f 
the o p tica l rad ia tio n  and the magnetic f ie ld  can be w ritten
H = ("o + «M + "D + > (4-25)
where H_ describes the iso la te d  atom, H.. (- a describes the e f fe c tO m 04---- ^
o f the magnetic f ie ld  (weak), H  ^ describes the phenomenological damping, 
and H^p^ describes the influence o f the o p tica l ra d ia tio n . In the presence 
of the magnetic f ie ld  the eigenfunctions describ ing tlie s ta te s  associa ted  
w ith the upper lev e l (a = 1) are designated |m> and those associated  with 
the lower lev e l (a = 2) are designated |y>. The wavefunction o f the atomic 
system in  the presence o f the rad ia tio n  and damping is  then expanded in  
terms o f these eigenfunction as
# (t)  = S a ( t) . |y >  + 2 a (t).|m >   ^ (4.26)y y m
where the co e ffic ie n ts  a^ and are functions o f tim e. This wavefunction 
s a t is f ie s  the time-dependent Schrddinger equation
ih  ^  = H . (4.27)
3I f  we su b s titu te  (4.26) in to  (4.27) and make use o f the re la tio n s
A A(Hq + H^ )^ Im> = h(fii + mwi)|m^
(H  ^ + Hj |^)|u> “ h(%  aw2)lu>
H^ |m> = “ (ihYi/2)|m>
Mj) |w> = “ (i^Ya/^) |y>
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<w7u> =
= 6 ^ ,  ■
<y/m> -  0 ,
then a f te r  some re-arrangement we ob tain  the following s e ts  o f  equations 
(fo r a l l  m’ and a l l  y ’)
ih^m, = h(fij + m'ifli -  ï Î Y i ) \ i  + g (4.28)
ihâjj, = h («2 + W'W2 “ y v 2 ) a j j ,  + ^
In order to describe the time evolution o f the system we construct 
a density  m atrix w ith the following elements
Pm'ra” ’  < "
•^y’y" ^y"
Pm ';' “ a ; ,  a^, fo r  a l l  m '.
From the two s e ts  o f  equations (4.28) we then obtain
= h (( ; '- ;" )w 2  - iY2}P|_,y, + & (Pm ;""a 'l% t|m > - 
" ^{012 * (m'wi-w'wz) -  i(Yi+Y2)/2}pm'y' ;(P ]jy ''® '
-  &(Pm'm<P'|Hopt|m>*} ,
where ^12 “ (^1 “ % ) (4.29)
The approximations th a t  we use in  obtaining so lu tions fo r the
7elements follow clo se ly  those adopted by Lamb in  h is
treatm ent o f the o p tic a l maser. The f i r s t  approximation is  to assume 
th a t  the o p tica l rad ia tio n  only s l ig h tly  pertu rbs the populations of 
the upper s ta te s  so th a t  to  zero order the p ro b a b ility  o f finding  an 
atom in  a p a r t ic u la r  upper s ta te  (m’) 1 c reated  a t  a tim e, t  , a t a 
la te r  tim e, t ,  i s  given by
Pm°m' “ Y i(t -  tg ) )  . (4.30)
Further, the e x c ita tio n  process is  assumed to  be incoherent so th a t  
Pm'm" = ° -  (4.31)
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S u b stitu tio n  o f (4.30) in to  (4.29) leads to  the following expression fo r 
f i r s t  order
^''PmV ° hfOiz + (m'wi-w'wz) - , (t).exp{-y i
(4.32)
where y i2 “ iCri + Yz) .
a id  '
and we have neg lected  the con tribu tion  due to  the lower s ta te s  since 
we assume th a t
At time t^  we fu r th e r  assume th a t PjJjijjt = 0 , th a t  is  to  say them 'u’ ,
ex c ita tio n  process does no t b ring  about coherence between the s ta te s  
associa ted  with the upper and lower le v e ls . The coherence between s ta te s  
is  brought about only through in te ra c tio n  with the ra d ia tio n . At a time 
t(> t  ) ,  we then have
PfflV “ 4/ dt' Vj|j,^,(t')exp{-Yi(t'-t^)) exp{(i!^,^,+Yi2)C t'-t)}
°  (4.33)
In order to  in te g ra te  (4 .3 3 ), the time behaviour o f , i s  required .
We t r e a t  the atomic systems as s ta tio n a ry , so th a t  tliey a l l  see mono­
chromatic rad ia tio n  a t  one frequency (w^). We take the rad ia tio n  f ie ld  
to  be o f the form
IW t  —IW t- ? /I \E = E cosüi t  « E (e * + e )/2/Vf A/0 O fV O J)
in  which case we have fo r  a d ip o la r in te ra c tio n
iü) t  -iw t\ , ^ , ( t )  = ° + e ° ) /2  , (4.35)
where e. i s  u n it vector in  the d ire c tio n  o f E, On su b s titu tio n  o f  (4.35)A/A A/
in to  (4.33) and neg lec ting  the antiresonance term we then obtain
= i ( 2 f t ) " i . | g j j | . < m ' | D . e j ^ | ; ' > . /  4 t ' . e x p { - Y i ( t ' - t g ) ) . e x p { ( i m ^ p ^ ,
%
+ Y12) ( t ’“t )  >.exp(“io3^t') J (4.36)
which o n .in teg ra tio n  leads to  the following
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-iü) t
(1) .  ,  . d |g o l - ^ ’ |P - e , l ; '> - e  °
^m'u*  ^ 2ft{Yi2-Yi + exp{-Y i(t“t  ) )  -
exp{(iü)^ - -  Y i2)(t-tQ )} (4.37)
In order to find  the value o f , when averaged over a l l  the 
atomic systems, we assume th a t the ra te  o f  e x c ita tio n  to  a s ta te  m’ 
is  independent o f tim e, and is  the .same fo r  a l l  the upper s ta te s .  
Designating th is  e x c ita tio n  ra te  as A i, tiien
g T w  .  ^   ^ XT,38) ,
which on su b s titu tio n  from (4.37) gives 
—TTx  iAi |E , I <m’ iD .e J y ’>S:™
where , oÜ) ?" 0 , ,
V ; ' = “^ 1'^  > '
We now re tu rn  to  a consideration  of a s in g le  atomic system and use
the f i r s t  order so lu tio n  fo r  p_, , derived above to  fin d  p , ,, to  second111 JU III
order. In th is  way the influence o f  the o p tic a l rad ia tio n  both on the 
populations o f the upper s ta te s  (pj^ t^j i^) and in  im parting coherence between 
these s ta te s  (p^^,^«J w il l  be determined to f i r s t  order* From (4.29) 
we have the following equation fo r  p^,^,,
SO that for an atom in it ia lly  created in the state m’ at t^, we obtain 
on integration
'  H  [ 4 / t % „ ^ C t ') p ( ^ ) .{ t ' , t q ( m ')  ) .e x p ( ( i0 ^ ,^ „ + Y i) ( t '- t) )
+ «^i„"8xp{-Y i(t-t^)} . (4.40)
The l a s t  term in  (4.40) is  due to  the f in i te  value o f p^,^,, a t t^  in
the case when m’ = m".
S u b stitu tio n  from (4.37) in to  (4.40) leads te  the follpwing equation
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Pm  ^ 4&2{Yi2-Yi+i(ÜQ^^-Wg)}
t  iw t '  -iw t ’ “iw t ’ 
dt'C e ° +e ° )e  ° ,exp{ (iîi ,^„+y i) ( t ' - t )  ) .
r e x p ( - Y i ( t ' - t g )  } -exp{(iü3^-in j |j ,^ -Y i2) +
«m.ji-expl-Yi ( t - y } , (4.41)
We neg lect the high frequency term , since tliis  averages out to zero
w ithin  the life tim e  o f the  atom. In teg ra tio n  o f the above equation
between the lim its  sp ec ified  then leads to
(2) „ l5 o l^ < m '|D .e J ;x ; |D .e Jm ">
'^-Yi ( t - V  (in^-mM+Yi) ( t „ - t ) }
^4n'm"
(4.42)
For an atom i n i t i a l l y  in  the s ta te  m" a t  time t^ ,  we can derive the 
following analogous expression
ID.e,|m">/V rj\Pm'm"(t.%(m )} -  -  i  ,
■ - Y i ( t - t ^ )  ( ( i Q m , m " + Y l ) ( t o - t ) }
i “m'm"
+ e
+ Y1”Y12>
(4.43)
In order to  find  the Value o f when averaged over the co llec tio n
o f atoms, (4.42) and (4.43) are summed over the atoms created  a t  the
d iffe re n t times t^  using
4.14
= 4 i _ /  + Ai _/ p { t . t J m " )  }dt^ ,  (4 .44 )
to  ob tain  a f te r  some re-arrangem ent
- 7 2 7 - 7 : .  _ „ 4 i | E ^ | 2 < m ' | D . e ^ l ; x ; | D . e J m ' ' >
;  4H2YiCiSÎ^,j^„ + Yl)
-  Y1 2 > ' + ( - i ( % , p  -  % ) -  Y1 2 }'
" 4 i Y r 7 ^ , ^ „  .
I f  we combine the two summations, then we have
4h’- Y i ( i« ^ ,^ „  + Y ,)
P (yA  + (%„^ - % )("m '; -
^ 4 i Y r \ 6 ^ , ^ „  . ( 4 .4 5 )
For the case when m' -  m" we have -  0, and the above reduces to
(2) rtY  ^ 2 Y i 2 < m - | D . e J ; x m ' | D . e J ; > *
™ - 7  - 7 7 T  • ; -T ftT T T T fT iT  ■
This should be compared w ith equation (4.4) which is  the analogous 
expression derived by a simple treatm ent based on r a te  equations. 
Suppose the following conditions apply
■Yi 2 »  ^m'm" ' ^12 »  C\f.y ” Wq) ;
then .,(4.45) induces to
0 d )“ ' ft! -  -  4  ^ < m -|D .e ,|;x ;|D .eJ m " >
“ 'm Y. 4 & 2 y , ( i« ^ ,^ „ + Y j  • ;
Hie changes produced by the ra d ia tio n  f ie ld  are th ere fo re
2A,|E„|^
4(Pra'm’( = -  ] r c T T  '  "” 'l5 -S xlp""” ’ IS-gxlp"4% '1 '12 W
(2) , _ 1 '^ 1 1 ZAllgpl 2
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From the above i t  may be seen th a t  the ’coherence* (non^-diagonal) 
terms are comparable to the  ’popu la tion ’ (diagonal) teims when the 
separations o f the upper sublevels are comparable to  th e i r  n a tu ra l w idths. 
The change over from the zero f ie ld  case «  y i) to  th a t  where a
descrip tion  in  terms o f  populations (0^,^^,, »  y i) i s  adequate is  thus 
determined so le ly  by the life tim e  o f  the upper la s e r  le v e l. The behaviour 
o f  the p o la riz a tio n  ra t io  w ith increasing  magnetic f ie ld  provides a 
method o f d ire c tly  determining the upper level l ife tim e , I t  should be 
noted , however, th a t  in  the above deriva tion  we have neglected  the 
populations o f  the sublevels o f  the lower lev e l compared to  those o f  the 
upper lev e l (4 .8 ). This is  v a lid  only when the ac tive  medium is  w ell 
in to  the gain condition; the s ta te  of a f fa ir s  in  the p resen t experiment.
In the more general case the p o la riz a tio n  r a t io  depends also on the 
life tim e  of the lower lev e l and i t s  behaviour w ith magnetic f ie ld  is  
then more complex.
The in te n s ity  o f  the spontaneous emission rad ia tio n  from a 
p a r tic u la r  atom is  given by
,  (4.49)m' ,m” ,y '
where e^ designates the p o la riz a tio n  component th a t  is  being observed 
in  the s id e lig h t ra d ia tio n . Since the atoms are randomly spaced a t 
d istances g re a te r  than a wavelength, the to ta l  spontaneous in te n s ity  is  
given by summing over the in te n s ity  components due to  the ind iv idual 
atoms, so th a t
KSo) = (4.50)m' ,m ,y
F in a lly , we obtain fo r  the in te n s ity  change produced by the la s e r  
rad ia tio n
« I ( y  = (4.51)m' ,m' ,y ’
w h e r e i s  given by (4.48)
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So f a r  we have r e s t r ic te d  our treatm ent to  s ta tio n a ry  atoms in  
a monochromatic rad ia tio n  f ie ld  w ith no time f lu c tu a tio n s . We now 
consider q u a lita tiv e ly  the e ffe c ts  o f removing these r e s tr ic t io n s .
To see the consequences o f multimode rad ia tio n  i t  is  su ff ic ie n t 
to  consider the two mode case when the f ie ld  i s  o f  the form 
y- E = E cos(w t  + 6 ) + E ' cos(w *f 9 ’) .  (4.52)L  AJ A^O  ^ 0 0-" /vO 0 /  0 ^
I f  the analysis is  now c a rrie d  out as before then we fin d  in  the f in a l
expression fo r two time -independent terms o f the form (4 .45 ),
one involving IE p  and w and the o ther involving IE ’ p  and w ’ ,® 'a/O* 0 '/vO ' 0
together w ith a time-dependent term o f  the  form exp{i(w^’-to^)t} -
ie  a term describ ing o s c il la t io n s  in  the populations. This term averages
to zero fo r  time in te rv a ls  long compared to  under which
circumstance the functional form o f  (4.45) remains.
For the case o f la s e r  rad ia tio n  the predominant time flu c tu a tio n s
associated  w ith a mode are those o f  phase, since gain sa tu ra tio n  in
the active  medium ac ts  to  reduce anplitude f lu c tu a tio n s . We can
in v estig a te  the e f fe c t  o f  phase flu c tu a tio n s  by considering a rad ia tio n
f ie ld  o f the form
E = E exp{-ico t  + i# ( t ) } ,  (4.53)A AlO o
where # (t) is  a random function o f time and is  such th a t 
< |6 # ( t '- t" ) |>  = < |# ( t ')  - # ( t" ) |>  << 2 it ^
fo r
| ( t ' - t " ) |  «  (4.54)
where i s  the coherence time o f the rad ia tio n . In order to  in v estig a te  
the influence o f these flu c tu a tio n s  on the elements we su b s titu te
(4.53) in to  (4.36) and then before in teg ra tio n  su b s titu te  (4.36) in to  
(4.40) to  obtain
-.Sc.v ■ - K / V "  /'«.
^o ^o
i4 * ( t '- t " )  (4.55)
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where K is  a constant. The area in  the t ’t"  plane over which the
above in teg ra tio n s  extend i s  shaded in  f ig .  4 .5 . I f  we define two new
v ariab les
T -  ( t"  - t ' )
X = Ct' + t") -  ( t  + t^ ) , (4.56)
then we can re -w rite  (4.55) in  terms o f these variab les  as
"m'm" ® ®
/ _ t dX dT e
o
i6#(T) (in  . ii/2)x 
e e (4.57)
where the lim its  o f in teg ra tio n  have been deduced using f ig , 4 .5 . We
now examine the in te g ra l over t in  (4 .57). The time in te rv a l th a t
makes an e ffe c tiv e  con tribu tion  to  th is  in te g ra l is  determined by the
damping co nstan t, in  th is  çase (y i2“Y i) , and is  hence approximately
(y i2"Yi)"'^* I f  the phase f lu c tu a te s  by more than 2 tt over th is  in te rv a l ,
then the phase of is  randomized and hence when an average is
c a rrie d  out over a l l  atoms (ie  over a l l  t^  v a lu e s ) , p^,^,, i s  zero - 
ie  the çoherence between the s ta te s  is  destroyed. In the p a r t ic u la r  
case m* « m", the e f fe c t  i s  to  average out the f ie ld  pertu rb a tio n  o f the 
s ta te  to  zero. For coherence between s ta te s  to  be preserved on averaging, 
we therefo re  have th a t
> 2 /(  Y2 - Y i ) * (4.58)
In the case o f the 4880% tra n s i t io n  in  argon, yi ~ 10^ s "^ , y2 ~ 3 x 10^ s"% 
(see Appendix A), so th a t  we requ ire  > InS. Since the t r a n s i t  time 
o f rad ia tio n  in  the cav ity  is  3nS, th is  condition is  read ily  f u l f i l l e d .
Both the 4880% and 4228%. tra n s itio n s  are inhomogeneously broadened 
tlirough the Doppler e f fe c t .  For ty p ic a l operating conditions o f the
oargon la se r  the inliomogeneous broadening is  about 4 (5iz . This has
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two consequences to  the  p re se n t, case , F i r s t ,  the o s c il la t in g  modes of 
the la se r  rad ia tio n  have frequencies d is tr ib u te d  over about 4 GHz, 
Second, because of th e i r  d is tr ib u tio n  o f v e lo c itie s  the atoms in  the 
ac tiv e  medium have a spread o f resonance frequencies * With
regard to  the f i r s t  we have already seen th a t multimode o s c il la t io n  does 
no t a l t e r  the p o la r iz a tio n  r a t io  deduced from time averaged values o f 
the modulated spontaneous em ission. However beats up to  4 GHz w ill  
be presen t in  the s id e lig h t.  With regard to  the second, th is  also  has 
no influence on the p o la riz a tio n  ra tio  since a l l  groups o f atoms under
the inhomogeneous p ro f i le  have the same re la t iv e  values o f ’s
and so the same p o la r iz a tio n  r a t io .
There is  one fu rth e r  assumption made in  the deriva tion  o f (4.48) 
th a t  we must examine, namely
^12 »  ^m'm" '
ie  the Zeeman s p l i t t in g  must be much le ss  than the homogeneous linew idth, 
I f  th is  condition is  n o t f u l f i l l e d  then the d iffe re n t p^,^,, values are 
influenced to  d iffe re n t ex ten ts  by a mode o f the ra d ia tio n  f ie ld  (the 
iihew idth fa c to r  in  (4 .45 )). For the 4880%. tra n s it io n  y 12 - 3 x 10^ s"^ 
(Appendix A) whereas maximum values o f are 3 x 10® s '" .  In fa c t
in  the presence o f multimode o s c il la t io n  across the inliomogeneous 
p ro f ile  the above requirement is  re laxed . Once the Zeeman s p l i t t in g  
^^m’m"  ^ has exceeded the n a tu ra l width o f  the upper lev e l (y i) coherence 
terms no longer appear in  the p o la riz a tio n  r a t io .  I t  is  then s u ff ic ie n t 
th a t the to ta l  linew idth  o f  the la s e r  rad ia tio n  exceeds the Zeeman 
s p l i t t in g .  I f  the magnetic f ie ld  is  increased to  lead  to  s p l i t t in g s  
g rea te r  than Yiz^then in  the p resen t case no fu rth e r  change in  
p o la riz a tio n  r a t io  is  tp  be expected.
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4.4 Experimental re su lts
We f i r s t  o f a l l  consider the measurements made in  the absence 
o f an applied magnetic f ie ld .  The d e tec tion  system is  shown in  f ig .
4 .6 . The spontaneous emission s id e lig h t is  sampled by a f ib re  op tic  
with a s l i t  input s e t  p a ra l le l  to the axis of the la s e r  tube and about 
1 cm from the a c tiv e  medium in  the tube, being separated  from i t  by 
the quartz w alls and w ater in  the cooling jack e t. The acceptance 
angle o f such an arrangement fo r l ig h t  coming d ire c tly  from the ac tiv e  
medium is  about around the axis o f the tube, but in  the plane of 
the tube axis is  la rg e r  being determined by the acceptance angle of 
the f ib re  o p tic , in  th is  case about i r /0 ^ .  As well as th is  there  
i s  the p o s s ib i l i ty  o f  l ig h t  being re f le c te d  from the q u a rtz -a ir  
in te rfa ce  o f the ou ter wall o f  the  cooling jack e t in to  the f ib re  o p tic . 
Light from the f ib re  o p tic  then passes in to  the monochromator and 
the remainder o f the de tec tio n  system is  as described in  ch. 2. The 
p o la riz a tio n  o f the rad ia tio n  i s  in v estig a ted  by in se rtin g  a po laro id  
sheet, which is  ro ta te d  in  a plane perpendicular to the f ib re  o p tic , 
between the quartz water jack e t o f  the la se r  and the s l i t  o f the f ib re  
o p tic . By observing the dc spontaneous emission from the  discharge 
as the Polaroid  sheet was ro ta te d  i t  was confirmed th a t  the f ib re  
o p tic  e ffe c tiv e ly  depolarizes the rad ia tio n  propagating through i t  - 
th is  is  important since the transm ission o f the g ra ting  monochromator 
is  sen s itiv e  to the p o la r iz a tio n  s ta te  o f the inciden t ra d ia tio n .
An in tra c a v ity  prism was used to  ob tain  s in g le  frequency o s c il la t io n  
a t  4880% under a l l  operating  conditions. The o r ie n ta tio n  of the Brewster 
angle windows and the faces o f the prism (p a ra lle l to  the windows) 
determine the p o la riz a tio n  o f the la se r  rad ia tio n  (see f ig ,  4 .1 ).
The p o la riz a tio n  r a t io  (4.22) o f the modulated component o f the 
spontaneous emission was measured fo r viewing d irec tio n s  and Vg
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( f ig . 4.1) on both the 488cX (4p 2D5/2  ~ 4s 2P3/ 2) nnd 4228%
(4p ^^s/2  “ 4s ^Pgy^) tra n s i t io n s .
Under a l l  operating conditions, the p o la riz a tio n  ra tio s  fo r 
d ire c tio n  Y2 were found to be zero as expected, and fo r d irec tio n  
Y I to  be a maximum, the e le c tr ic  vector o f the 61^^^ component in  
th is  d ire c tio n  being p a ra l le l  to  the e le c tr ic  vector o f the la se r  
rad ia tio n .
No changes in  the p o la riz a tio n  ra t io s  were observed as the f ib re  
o p tic  was moved to  d if fe re n t p o sitio n s  along the ac tiv e  length of 
the discharge tube. The ra tio s  a lso  remained unaltered  as the la se r  
m irrors were m isaligned to  a l t e r  the mode s tru c tu re  and amplitude 
o f the la s e r  f ie ld  under constant discharge conditions. A ll these 
observations are  to  be expected from the analysis  given in  the previous 
sec tio n .
The p o la r iz a tio n  ra t io  fo r the 4880% tra n s it io n  and fo r viewing 
d ire c tio n  Vj is  shown in  f ig .  4.7 as a function o f discharge cu rren t, 
the pressure being constant a t  0,35 Torr. The e rro rs  ind icated  cover 
the n o n -lin ea rity  o f the de tec tio n  system and the s e tt in g  e rro r  fo r 
ro ta tio n  o f the po laro id  analyser. The corresponding p o la riz a tio n  
ra t io s  fo r  the 4228% tra n s i t io n  show no detectab le  dev iation  from 
those a t  4880%, The lower cu rren t l im it  is  the th resho ld  fo r la s in g , 
the upper l im it being determined by the power c a p ab ility  of the la se r  
tu b e ,
The maximum f ie ld  in te n s ity  in sid e  the la s e r  cav ity  during the 
above measurements was about 5 w atts cwT^ (a t 0 .3  Tprr, 9 A) fa l lin g  
to  below 1 w att cm"  ^ as the  discharge conditions were a l te re d  during 
the experiments.
The p o la r iz a tio n  r a t io s  fo r  o ther tra n s itio n s  (4371%, 4p ^p^y^ - 
3d ^Dgyg; 4806A, 4p ^p^yg _ 4s ^Pg/g ; 4610A, (kD) 4p zPyyg- (^D) 4s 2D5/ 2)
th a t appear prominently in  the p ertu rb a tio n  spectrum, but which do not.
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have the same upper lev e l as the la se r  tra n s i t io n ,  were also  inv estig a ted  
as a function o f discharge cu rren t and pressure . W ithin the s e n s i t iv i ty  
o f the apparatus (minimum p o la riz a tio n  r a t io  about 0.01) they exhib ited  
no p o la r iz a tio n  e f fe c ts .
An ax ia l magnetic f ie ld  was applied  to the a c tiv e  medium by 
winding a p a ir  o f c o ils  on the water jack e t as shown in  f ig ,  4 .9 .
The c o ils  were spaced by th e ir  diameter (1 cm) to  give a Helmholtz 
configuration , and produce a f ie ld  o f 34 gauss A"  ^ a t  the midpoint.
Since i t  was now no longer possib le  to use the f ib re  o p tic  to  sample 
the spontaneous emission a 2,5 cm diameter imaging lens a t  a d istance 
o f 25 cm from the discharge tube was used to  image th a t  p a r t  o f the 
ac tiv e  medium mid-way between the c o i ls ,  on to  the in le t  s l i t  o f the 
monochromator. Such an arrangement has an acceptance angle o f about 
_+3°. The po laro id  analyser was placed immediately in  fro n t o f the 
c o ils  as shown in  f ig ,  4 ,9 , Since the imaging lens does not depolarize 
the rad ia tio n  before i t  en ters the  monochromator, unpolarized rad ia tio n  
exh ib its  an ’apparent' p o la r iz a tio n  as the po laro id  analyser is  ro ta te d , 
due to  the dependence o f the monochromator transm ission on p o la r iz a tio n . 
This e f fe c t was allowed fo r by using the dc spontaneous emission 
(unpolarized) to c a lib ra te  the transm ission o f the d e tec tion  system 
fo r two o rien ta tio n s  o f the po laro id  analyser used in  determining the 
p o la riz a tio n  ra t io  o f the modulated component. The re la t iv e  transm ittance 
o f the system fo r these two p o la r iz a tio n  s ta te s  was found to be independent 
o f in te n s ity , and was constant throughout the experiments. The v a r ia tio n  
o f p o la riz a tio n  r a t io  in  viewing d ire c tio n  Vi fo r both the 4880% and 
4228A tra n s itio n s  as an ax ia l magnetic f ie ld  is  applied  to  the ac tiv e  
medium is  shown in  f ig ,  4,10 fo r a discharge cu rren t o f 9 A and a f i l l i n g  
pressure o f 0,25 Torr. The p o la riz a tio n  ra t io  changes s ig n if ic a n tly  
from the zero applied  f ie ld  case fo r f ie ld s  around 30 gauss. In f ig ,  4,11
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the v a ria tio n s  w ith applied  f ie ld  o f the indiv idual ir and components 
th a t make up the p o la r iz a tio n  r a t io  are shown. Although both components 
increase w ith applied  f ie ld ,  the tt component increases more rap id ly , 
hence producing the change in  p o la r iz a tio n  r a t io .  I t  i s  in te re s tin g  
to  note th a t as the ax ia l f ie ld  is  applied  the dc spontaneous emission 
remains unaltered  although both components o f the modulated spontaneous 
emission increase - th is  can only be accounted fo r by an increase in  
the e ffic ien cy  o f coupling between the ac tiv e  medium and la se r  ra d ia tio n  
with increasing f ie ld .
4.5 In te rp re ta tio n  and conclusions
We f i r s t  o f a l l  consider the dependence o f  p o la riz a tio n  ra tio  
on discharge cu rren t (f ig . 4 .7 ). Over the cu rren t range 6 to 9 A the 
maximum value o f the magnetic f ie ld  (ie  a t  the c a p illa ry  w all) 
changes from 12 gauss to  18 gauss. The g -fac to r fo r the 4p ^05^2 
lev e l is  1.24® and hence the s p l i t t in g  fa c to r , in  terms o f angular 
frequency, fo r th is  lev e l is  10.8 x 10® B s“ ^. The maximum s p l i t t in g  
of the 4p 2Dgy2 lev e l hence v a rie s  between 1.3 x 10® s""^  and 1.9 x 10® s"l 
Since the p o la r iz a tio n  ra t io s  fo r both the 4880% and 4228% tra n s itio n s  
are independent o f cu rren t, th is  suggests th a t fo r the 4p 2D5/2
lev e l is  g rea te r than 1.9 x 10® s“ ^.
I t  is  not p lau s ib le  to  argue th a t  Y% is  le ss  than 1.3 x 10® s “  ^
and th a t to ta l  s p l i t t in g  has already occurred by 6 A. Since the s e lf  
magnetic f ie ld  in  the ac tiv e  medium v arie s  from zero on the  c a p illa ry  
axis to  i t s  maximum value a t  the tube w all, there  must always be some 
region towards the axis o f the  discharge where the s p l i t t in g  is  le s s  
than to ta l ,  and so the p o la r iz a tio n  r a t io  must change w ith increasing 
cu rren t as th is  region decreases in  volume. The value o f 0.23 fo r the 
p o la r iz a tio n  ra t io  as opposed to  the th e o re tic a l value o f 0.37 fo r the 
zero f ie ld  case can be accounted fo r  by the la rge  acceptance angle o f
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the f ib re  op tic  in  the plane o f the tube axis and by s tray  re f le c tio n s  
from the g la s s -a ir  and w ater-g lass in te rfaces  associated  w ith the 
water cooling jack e t. I f  yi is  g rea te r than 1.9 x 10® s”  ^ as proposed 
then the p o la riz a tio n  r a t io  would be independent of pressure as 
observed (f ig . 4 .8 ).
We now consider the dependence of p o la riz a tio n  r a t io  on applied 
magnetic f ie ld  ( f ig s . 4.10 and 4.11). At ax ia l f ie ld s  above about 
30 gauss, as ca lcu la ted  fo r the  centre of the Helmholtz p a ir ,  the 
p o la riz a tio n  r a t io  begins to  change s ig n if ic a n tly  from i t s  zero f ie ld  
value (0.25), reaching a f in a l  constant value of 0,14 a t high f ie ld s .  
This constant value must correspond to  to ta l  s p l i t t in g  by the ax ia l 
f ie ld .  The value expected th e o re tic a lly  in  th is  case is  0 .23, and 
the fa c t th a t the experimental value is  le ss  may be accounted fo r , 
as before, by lack o f angular re so lu tio n  or by sca tte red  l ig h t .
The change in  p o la r iz a tio n  r a t io  when the ax ia l f ie ld  is  in  the range 
30-60 gauss ind ica tes  a yi value in  the range 3-6 x 10® s”^, and 
hence a life tim e  fo r  the 4p lev el in  the range 1.5 - 3 ns.
The ra d ia tiv e  life tim e  of the 4p level as ca lcu la ted  and
experim entally determined (see ta b le  A.2) is  9 ns. (There is  some 
evidence - see f ig ,  A.17 - th a t  the life tim e  o f the 4p 2D5 /2  lev e l 
may decrease to  about h a lf  i t s  ra d ia tiv e  life tim e  a t a discharge 
curren t of 10 A in  a 2 mm bore tube.) In view o f the inhomogeneous 
nature of the applied  magnetic f ie ld  - the r a d i i  o f the f ie ld  c o ils  
are  comparable to  the radius o f the plasma column being in v estig a ted  - 
and the lack of a d ire c t experimental c a lib ra tio n  o f the f ie ld  
s treng th  on tube ax is , th is  discrepancy is  not unexpected. For 
p rec is io n  life tim e  measurements w ell-defined  lig h t c o lle c tio n  and 
f ie ld  c o il  geometries are requ ired . Even then the  inhomogeneous 
s e l f - f i e ld  of the discharge presen ts an unavoidable d if f ic u l ty  since
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in  the present case i t s  value is  s u ff ic ie n t  to  produce s p li t t in g s  
approaching the lev e l w idths.
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CHAPTER 5
PERTURBATIONS ON 4p m à  U  TRANSITIONS
Sol Introduction
In th is  chapter we consider the in te n s ity  changes th a t  occur, 
due to la se r  o s c il la t io n , on tra n s itio n s  o rig in a tin g  throughout the 
4p and 4d configurations o f Ar II<, Since tiie active meditmi when 
viewed from the side is  o p tic a lly  th in  fo r tlie 4p and 4d tra n s itio n s  
(cho2o2) the in te n s ity  pertu rb a tio n s ind ica te  population changes 
amongst the 4p and 4d le v e ls ,  these changes being a consequence o f  
the depletion o f  the populations o f the upper la s e r  levels
(4p 4p by the la se r  rad ia tio n .
By studying the cu rren t dependence o f  the 4p and 4d pertu rbations 
i t  i s  possib le  to assess the ro le  o f m etastable ion leve ls  in  the 
pumping mechanism-for tlie upper la s e r  lev e ls .
5.2 Experimental re su lts
The normalized f ra c tio n a l pertu rba tion  fo r a tra n s itio n  has 
been defined in  (1.7) and is
= = ( s . i )
where the su b sc rip t m re fe rs  to  the upper lev e l o f the tra n s it io n  and 
the su b scrip t i re fe rs  to  the ujpper la se r  lev e l. Since the 
discharge is  o p tic a lly  th in  when viewed from the side for the 
tra n s itio n s  concerned, we can ivrite
* = C6N^/N^^/(6Ni/Ni). ' (5 .2 )
We f i r s t  o f  a l l  consider tlie measurements made on a 2mm bore
argon la se r  where pertu rb a tio n s are produced by tlie s e l f  generated 
rad ia tio n  f ie ld . In tab le  5.1 we show o values fo r a range o f  
4p -  4s t r a n s i t io n s ,  column A is  for single'^frequency o s c il la t io n  a t 
4880 & and column B for s in g le  frequency o s c il la t io n  a t 5145 R. The 
discharge cu rren t for these measurements was lOA and the f i l l in g  
pressure was 0 .3  Torr. For la se r  o s c il la t io n  a t  4880 & the a values 
are in  the range 2 - 4%, while for o s c il la t io n  a t 5145 8, a values 
for tlie doublet 4p leve ls  are 3 - 5% and fo r the q u a rte t 4p leve ls
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are 8 - 11%. Qti tab le  <^2 we show a values for 4d - 4p tra n s itio n s  
under s im ila r discharge conditions to  those above. For the 4d 
le v e ls , a values are around 2.5 -  5% for la se r  o s c il la t io n  a t 
4880 8 and 8 - 12% for la se r  o s c il la t io n  a t 5145 8„ The o values in  
both tab les  are good to  only about ± 10%, as may be seen by comparing 
values for two tra n s itio n s  o rig in a tin g  from the same tpper le v e l, 
which should be the same. A lth o u ^  indiv idual values are somewhat 
uncerta in , the general trends discussed above are c lea r. In a l l  
cases tlie o values are p o s itiv e  in  the sense th a t the populations o f 
a l l  4p and 4d levels  decrease when tlie population o f  the upper la se r  
lev e l decreases. Typically , the rad ia tio n  power density  in  the 
cavity  during the above measurements was 70 w atts cnf^ , and tlie 
maximum absolute population changes on the upper la se r  levels 
themselves were o f the order o f  7%.
Tlie re  were no d e tectab le  changes in  the o values as the 
rad ia tio n  power density  in the ac tive  medium was a lte re d  under 
constant discharge conditions. Also, there were no s ig n if ic a n t 
d ianges w ith d if fe re n t cav ity  configurations. In p a r t ic u la r ,  there 
were no d ifferences between c av itie s  w ith and w ithout a prism , 
provided only one tra n s itio n  (4880 8) was above th resho ld . These 
observations are im portant in  re la tio n  to the possib le  e ffe c ts  o f  
spontaneous emission on the p e rtu rb a tio n s . Hie spontaneous emission 
rad ia tio n  from a p a r t ic u la r  t ra n s it io n  in to  the cav ity  modes is  also  
modulated by the chopper, and therefo re  bould account for the small 
pertu rb a tio n  observed on th a t  tra n s it io n . We can estim ate the 
sign ificance  o f spontaneous emission as follow s. The frac tio n  o f  
the to ta l  spontaneous emission from a tra n s itio n  th a t  can rad ia te  
in to  the cav ity  modes is  p roportional to the s o lid  angle o f the 
cav ity . The maximum value o f  th is  so lid  angle is  given by
4tt (tube bore) ^  
ÏÔ (tih e  length)^
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In the p resen t case the frac tio n  o f the spontaneous emission th a t 
rad ia tes  in to  the cav ity  modes is  therefo re  about 4 x Vhen
the la se r  is  o s c il la t in g  the ra te  a t  which coherent rad ia tio n  is  
em itted in to  the modes is  about 7% o f  the to ta l  spontaneous emission 
from the t ra n s i t io n , and therefo re  the spontaneous emission 
rad ia tio n  density  in  the cav ity  due to  a s in g le  tra n s itio n  is  about 
1 p a r t  in  10"’^ o f  the stim ulated  emission rad ia tio n  density . Hie 
minimum normalized fra c tio n a l pertu rbations (2%) are two orders o f  
magnitude g reater than t l i is ,  and tlius cannot be accounted for in  
terms of d ire c t pertu rbations due to spontaneous emission rad ia tio n  
in the cav ity . Hiis is  confirmed by the in s e n s it iv ity  o f the 
pertu rbations to  cavity  configuration .
The dependence o f  o on discharge curren t for the 5145 8 and 
4380 8 tra n s itio n s  is  shown in  f ig s  5.1 and 5.2 re sp ec tiv e ly , the 
la se r  o s c il la t in g  s in g le  frequency a t  4880 8 . In order to  increase 
the current range over whidi measurements could be made, the  ex ternal 
discharge c e l l  arrangement discussed in  chs. 2 and 3 was used.
This c e ll  has a capillar)^ bore o f 4mm. Population changes on the 
upper la se r  levels were monitored using the 4228 R and 4426 8 
tra n s itio n s  to  avoid sc a tte re d  la se r  rad ia tio n . In fig s  5.3 and
5.4 the current dependences o f  o for the 3559 8 and 5145 8 tra n s itio n s  
respec tive ly  are shown, the c e l l  being illum inated  w ith 4880 8 la se r  
ra d ia tio n . Figure 5.5 shows the current dependence o f a for tiie 
3577 8 tra n s it io n , when the c e l l  is  illum inated  w ith 5145 8 
rad ia tio n . For tra n s itio n s  o rig in a tin g  from both 4p and 4d lev e ls  
0 is  independent o f  cu rren t, and hence we deduce th a t  the normalized 
population changes on these leve ls  are cu rren t independent.
I t  was not possib le  to  in v estig a te  in  d e ta i l  tlie dependence o f 
o on disd iarge pressure since the pressure range is  lim ited  towards 
higher p ressures by the changeover o f  tlie medium from gain to  
absolution -’{see ch. 3) and towards lower pressures by the rapidly 
decreasing 4p and 4d populations (see f ig  A.23). However, over the
lim ited  pressure range explored [50 - 100 mTorr) i t  was not possib le  
to  d e tec t s ig n if ic a n t changes in  tlie a values.
A ll the o values given above are fo r the gain condition , so 
th a t the presence o f la se r  ra d ia tio n  always depleted the upper la se r  
lev e l population w ith a consequent dep letion  o f  a l l  4p and 4d 
populations.
5.3 Coupling mechanisms fo r 4p and 4d pertu rbations
We now consider the coupling mechanisms th a t may explain the 
decreases in  the 4p and 4d populations th a t  accompany the d ire c t  
depletion o f  tlie upper la se r  lev e l populations (4p 4p )
by la se r  o s c illa tio n .
F ir s t  o f  a l l  we consider coupling mechanisms involving the lower 
la se r  lev e l (4s ^P3y ) .  Since Aj^ g < 1 for botli the 4880 8 and 
5145 8 tra n s it io n s , an increase in  the 4s zpgy population accompanies 
la se r  o s c il la t io n  (see equation (1 .5 )) . Therefore there i s  an 
increase in  any c o ll is io n a l  pumping processes from Üiis 4s lev e l back 
to  the 4p or 4d le v e ls . Hence on th is  basis  an increase in  4p and 
4d populations is  expected to accompany la se r  o s c il la t io n , whereas in  
a l l  cases they are observed to  decrease. Since the 4s level
decays ra d ia tiv e ly  d ire c tly  to the ion ground s ta te ,  there i s  also an 
increase in  ion ground s ta te  population acconpanying la se r o s c il la t io n . 
The same argument against tliis  accounting for the 4p and 4d population 
changes app lies.
We must therefo re  consider the population depletion  on the upper 
la se r  lev e l as the p r in c ip a l source o f  the 4p and 4d population 
p ertu rb a tio n s . ‘The following coupling mechanisms between the upper 
la se r  lev e l and the 4p and 4d leve ls  are now examined:
(i) Gas k in e tic  c o llis io n s  (including charge tra n sfe r)  
between excited  ions in  the upper la se r  lev e l and n e u tra l argon 
atoms re su ltin g  in  the tra n s fe r  o f  the excited  ions to otlier 
4p and 4d le v e ls . ( f ig . 5.6 a)
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( i i )  E lectron-ion co llis io n s  re su ltin g  in  the d ire c t  tra n sfe r  
o f  excited  ions in  the upper la se r  lev e l to o ther 4p and 4d 
lev e ls . (figo 5.6 b)
( i i i )  Radiative decay o r e lec tro n  d e-ex cita tio n  from the 
upper la s e r  lev e l to  m etastable 3d le v e ls , followed by e lec tro n  
impact ex c ita tio n  from the m etastable 3d leve ls  to  the 4p and 
4d lev e ls . (f ig . 5.6 c)
(iv) As in  ( i i i )  bu t involving q u arte t 4s levels  as opposed 
to  m etastable 3d lev e ls .
Ifechanism (i)
The cross sections requ ired  i f  tliis  mechanism is  to explain the 
observed pertu rbations are now calcu lated  from the a values. Using 
equation (1.7) the ra te  c o e ffic ie n t fo r c o llis io n a l coupling between 
some general 4p or 4d lev e l m (population N^) and the upper la se r  
lev e l (population Nj) is
where is  the measured normalized frac tio n a l pertu rbation  on die 
mth lev e l.
We have calcu la ted  values from the values using the 
life tim e  and population data  for die 4p and 4d lev e ls  summarized in  
tab les A.2 and A.4. Values o f  are given in  columns 5 and 6 o f  
tab les 5.1 and 5.2.
From these ra te  co e ffic ien ts  the cross-sections may be 
ca lcu la ted  using
Pm  '  V, , C5.4)
where V is  the n e u tra l atom v e lo c ity , N the n e u tra l atom density  o o
and the n e u tra l atom c o llis io n  cross-sec tion  for the process. 
Atom and ion v e lo c itie s  are around 10^ cm s"  ^ in  the argon d ischarge, 
as deduced from atom and ion temperature measurements (see A.3.3 and 
A* 3.4) 0 The n eu tra l atom density  may be deduced from the f i l l i n g
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pressure C0°3 Torr) using equation (A. 1), and is  about 2 x ICds cm-3^  
These values have been used to determine the cross-sections sham  
in columns 7 and 8 o f  tab les  5.1 and 5.2.
Total n e u tra l- io n  c o llis io n  cross-sections o f  the order o f 
2 X 10"  ^  ^ cm^  for the 4p lev e l and 6 x 10"  ^  ^ cm^  for the
4p I  lev e l are required  in  order to account for the observed 
pertu rbations on the 4p lev e ls . Typically ,gas k in e tic  cross-
sections are o f  the order of 5 x 10" cm,^ . Hpwever, in  the p resen t
case, i t  is  necessary to take in to  account the p o s s ib i l i ty  o f  charge 
tra n s fe r  between the exc ited  ion and the n e u tra l.
pDalgamo has derived cross-sections for resonance charge
tra n s fe r  between ground s ta te  argon ions and n eu tra l argon using the
2argon ion m obility  measurements o f  Blondi and Chanin . At ion 
v e lo c itie s  o f  10  ^ an s"  ^ th is  cross-sec tion  is  determined as 
75 X 10"  ^^  cm^ o Calculations based on F irsov 's  theory p red ic t 
c ross-sections o f  die order o f 65 x 10“ cm^  for th is  energy range .
The c o llis io n  processes under d iscussion involve excited  argon 
ions, as opposed to  ground s ta te  ions, and fu rth e r are non-resonance 
in  th a t the ion is  requ ired  to be in  a d if fe re n t 4p s ta te  a f te r  the 
c o llis io n . On the f i r s t  o f  these counts there is  no reason to 
expect a la rg e r c ro ss-sec tio n  since the wave functions calcu la ted  by 
S ta tz  e t  a l [see A.2.2) in d ica te  th a t the excited  argon ion is  
comparable in  size  to  the ground s ta te  ion. For, non-resonance 
charge tra n s fe r  a sm aller maximum cro ss-sec tio n  is  in  general expected, 
and th is  now occurs a t  a non-zero n e u tra l v e lo c ity , as opposed to the 
resonance case where the c ro ss-sec tio n  increases monotonically on 
approaching zero v e loc ity . The cross-sec tion  f a l ls  o f f  exponentially  
on the low veloc ity  s ide  o f  th is  maximum value (the ad iabatic  reg ion). 
The n eu tra l v e lo c ity  (V^) corresponding to the maximum cro ss-sec tio n  
may be estim ated from the energy d e fec t, | aE 1, between i n i t i a l  and 
f in a l  s ta te s  using Massey's n ear-ad iab a tic  hypothesis^
sia liBI /  hy'^  ~ 1 , (5.6)
where a i s  a length corresponding to  the range o£ the in te ra c tio n  
(a value of 7 x 10“ ® cm is  assumed here ). For tra n s fe r  between
adjacent 4p leve ls  (separation  approx. 0.1 eV), the near ad iab a tic
hypo dies is  p red ic ts  a value o f  2 x 10® cm s"  ^ fo r the v e lo c ity  at 
which the maximum cro ss-sec tio n  occurs, so th a t fo r die n e u tra l 
v e lo c itie s  under consideration , the non-resonance charge tra n s fe r  
cross-sec tion  is  mudi below i t s  peak value. Further, tra n s fe r  to  a 
more highly  excited  s ta te  is  only possib le  a t  a l l  i f  the energy gap
involved is  less than the k in e tic  energy o f the co llid in g  p a r tic le s
in  th e ir  centre o f  mass frame (~ 0.2 e''/), and so the observation o f  
large c ross-sec tions throughout the 4p levels  is  n o t co n sis ten t with 
th is  mechanism.
Ch the b as is  o f  both the calcu la ted  and measured c ro ss-sec tio n s , 
n eu tra l-io n  c o llis io n s  are unable to  account for the magnitude o f the 
pertu rbations observed throughout the 4p configuration . Also, the 
n eu tra l-io n  c o llis io n  mechanism is  unable to explain the appearance 
o f  comparable population changes on the 4d levels which are separated 
by o p tic a l energies (3 eV) from the levels  d ire c tly  perturbed by the 
la se r  rad ia tio n .
In th is  con tex t, however, the rep o rt by M iller e t  a l (A.3.9) 
th a t  the population d is tr ib u tio n  throughout the 4p configuration in  a 
high cu rren t density  argon discharge has an approximately thermal 
foim w ith an e ffe c tiv e  temperature corresponding to  the n eu tra l 
tenpera tu re , should be mentioned. I t  implies th a t n eu tra l-io n  
co llis io n s  are s ig n if ic a n t in  determining the populations o f the 4p 
lev e ls . Subsequent measurements by Rudko and Tang (A.3.9) have 
confirmed th is  finding for the 4p le v e ls , but have fu rth e r shown 
th a t other configurations (4p/, Ss, 4d, e tc) a lso  ex h ib it approximately 
tliermal d is tr ib u tio n s . In general, however, the e ffe c tiv e  
configurational temperature decrease rap id ly  in  going to  higher
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configu ra tions, and so the correspondence between the 4p temperature 
and the n eu tra l temperature cannot, th ere fo re , in  i t s e l f  be talcen as 
implying tlia t n e u tra ls  are the agency responsible for the population 
d is tr ib u tio n  amongst the 4p lev e ls .
Ifechanism ( i i )
Using the values ca lcu la ted  according to  equation (5 .3 ), 
e lec tro n -io n  c o llis io n  cross-sections may be determined from
Pm = V, , (5.5)
where is  the e lec tro n  den sity , the e lec tro n  v e lo c ity  and
the in e la s t ic  e lec tro n -io n  c o llis io n  cross-sec tion  for e lec tro n  
induced tra n sfe r  from the upper la s e r  lev e l to the general 4p or 4d 
level m.
Electron density  and e lec tro n  temperature imasurements fo r  the 
argon discharge (see A. 3.5 and A. 3.6) ind ica te  th a t  for tlie p resen t 
conditions these parameters have values o f  5 x 10^® cm” ® and 
50,000 K (4.5 eV) resp ec tiv e ly ; the l a t t e r  implying an e lectron  
velocity  o f 10® cm s“ ^. Qi the b asis  o f  th is  da ta  implied e lec tron - 
ion c o llis io n  cross-sec tions have been ca lcu la ted  and are tabu la ted  in 
columns 9 and 10 o f tab les  5.1 and 5.2 .
P a r tia l  c ross-sections requ ired  to  explain the observed 
population changes in  terms o f  in e la s t ic  e lec tro n -io n  c o llis io n s , 
range in  value between 2 x 10" and 1(1 5^ q^2 £q^ coupling from the
4p ^Dgy le v e l,  and between 2 x 1Q‘ ®^ and 4 x 10“’ ®^ cm^  fo r coupling
from the 4p ^Dgy le v e l. The to ta l  c ro ss-sec tio n  fo r tra n s fe r  from 
the 4p ^Dgy  ^ lev e l to  a l l  o ther 4p leve ls  is  6 x 10'  ^® cm^, and from
the 4p ^Dgy  ^ level i s  2 x 10" i'' cm .^
The curren t dependence o f the a values ( f ig s  5,1 - 5.5) is  a t  
variance with e lec tro n  c o llis io n s  being responsible for the 4p and 
4d p e rtu rb a tio n s . A ll measurements o f  e lec tro n  density  in  the argon 
discharge (and a v arie ty  o f  d iagnostic  techniques have been used) 
ind ica te  th a t e lec tro n  density  increases approximately l in e a r ly  w ith
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discharge cu rren t (see A.3.5 and in  p a r tic u la r  figs A.5 - A, 8).
Also, e lec tron  temperature increases w ith discharge curren t (see 
A. 3.6 and ch. 3). We have shorn th a t the r a t io  (N^/Ni) and in  
(5.3) are independent o f  cu rren t, see figs A.24 and 3.6 re sp ec tiv e ly , 
and therefore  i t  follows th a t  the normalized fra c tio n a l pertu rbations 
(a) should increase a t le a s t  lin e a r ly  w ith curren t i f  e lectrons are 
responsib le for the p e rtu rb a tio n s . A ll experimental evidence 
ind icates th a t  the a values are independent o f  discharge cu rren t for 
botli the 4p and 4d configurations.
As w ell as the  above, the magnitudes o f the pertu rba tions on tlie 
4d levels b ro u ^ it about by la se r  o s c il la t io n  a t 5145 8  (a ~ 10%) 
in d ica te  th a t a considerable frac tio n  o f  the pumping o f the 4d levels  
must be due to e lec tro n  e x c ita tio n  from the 4p configuration  i f  
e lec tro n  ex c ita tio n  is  responsib le for the coupling. This in  tu rn  
implies th a t  the curren t dependence o f  the 4d populations should be 
one power up on th a t fo r the 4p populations. Experimental 
measurements, show th a t the populations of both the 4p and 4d 
configurations behave s im ila rly  in  th e ir  current dependence over à 
large pressure range (fig  A. 24).
E lectron c o llis io n s  may therefo re  be elim inated as a possib le  
medianism for the 4p and 4d population changes,
Nbchanisms ( i i i )  and (iv)
Both these mechanisms are based on rad ia tiv e  decay from the 
upper la se r  lev e l to  a m etastable ion level (quarte t 4s leve ls  or 
m etastable 3d leve ls) followed by e lec tro n  inroact e x c ita tio n  from the 
m etastable lev e l to  the 4p or 4d lev e l. The proposed coupling 
scheme is  i l lu s t r a te d  in  f ig  5.6 (c ). The m etastable le v e l,  
population N^, is  supposed pumped a t  a ra te  through a l l  o ther 
processes apart from th a t  involving the upper la se r  lev e l. The 
pumping o f the m etastable lev e l by ra d ia tiv e  decay from the upper 
la se r  lev e l is  A,^ »^ I f  is  the to ta l  life tim e  o f the m etastable 
lev e l to both c o ll is io n a l (including c o llis io n s  with the w alls) and
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ra d ia tiv e  decay, then
Ü l/t i  = PU + N, . (5.6)
The population change on the m etastable level is  therefo re  re la te d  to 
the population change on tlie upper la se r  level by
6N^  = , (5.7)
I f  the general lev e l (4p o r 4d) is  being pumped from th is  m etastable 
lev e l a t  a ra te  tîien we have
V ^ m  “ \ P i r n  • (5-8)
As before we have th a t
%  = P i r n * (5-9)
and so from (5.7) and (5.9) we ob tain
m /  > 1 /
The f i r s t  term in  brackets on the r ig h t  hand side o f (5.10) is  the 
f ra c tio n a l pumping o f  the general 4p or 4d lev e l by e x c ita tio n  from 
the m etastable le v e l, while the second term is  the f ra c tio n a l pumping 
o f  the m etastable lev e l due to spontaneous decay from the upper la se r  
lev e l.
A ll levels punped so le ly  by the m etastable lev e l under consider­
a tion  should, th e re fo re , ex h ib it the same fra c tio n a l p e rtu rb a tio n , 
and the frac tio n a l pertu rba tions should be independent o f  current 
provided the e x c ita tio n  pathway does not change. F urther, for any 
p a r t ic u la r  lev e l the r a t io  o f  the f ra c tio n a l pertu rbations for la s in g  
a t  4880 8 and 5145 8 should be in  the ra t io  o f the t ra n s it io n  
p ro b a b ilitie s  from the 4p and 4p levels  re sp ec tiv e ly , to
the m etastable lev e l. hi so far as the 4p y  ^ and 4p y leve ls  
are coupled ra d ia tiv e ly  to  both 3d and 4s le v e ls , the m etastable 
leve ls  in  both these configuirations must be considered as being
possib le  interm ediates in  the pumping o f the 4p and 4d lev e ls .
The r a t io  o f  the a value for la s e r  ra d ia tio n  a t 5145 8  to th a t 
for la se r  rad ia tio n  a t 4880 8 , is  approximately constant fo r a l l  
q u a rte t 4p leve ls  and a l l  4d le v e ls , being in  the range 4 - 5  (see 
column 11 of tab les 5.1 and 5 ,2 ], while for the doublet 4p leve ls  i t  
is  in  the range 1 - 2 .  The r a t io  o f the tra n s it io n  p ro b ab ility
(4p - q u a rte t 4 s 's )  to  the tra n s itio n  p ro b ab ility  (4p -
q u arte t 4 s 's )  is  7 while the corresponding r a t io  for a l l  tlie 3d s ta te s  
is  4 (see tab le  A.2), On the b as is  o f  the above r a t io s ,  th e re fo re , 
e ith e r  the q u a rte t 4s leve ls  or m etastable 3d leve ls  are interm ediate 
levels  in  the pumping o f the q u a r te t 4p s ta te s  and the 4d s ta te s .
The r e la t iv e  inportance o f these two pathways may be assessed by 
examining the magnitudes o f  the pumping ra te s  involved, Rudlco and 
Tang have shown th a t for the p resen t discharge conditions, the to ta l  
punping ra te  to  a l l  leve ls  in  the 4p, 4d and 5s configurations is  
about 8,5 X 104® cm"'® s"  ^ (see f in a l  column o f  tab le  A,2), Rarther, 
th e ir  re su lts  in d ica te  th a t the pumping ra te  from the 4p lev e l
to the 4s 5/^ levels through ra d ia tiv e  decay is  6 ,0  x lOA? cc“  ^ s“ ^
so th a t i f  these leve ls  are so le ly  responsible for the pumping o f the 
4p, 4d and Ss configurations, then (5,10) shows th a t pertu rbations o f 
the order o f  7% are to  be expected on a l l  levels  of these configurations 
due to la s in g  a t  5145 8 , (In fa c t th is  is  a conservative estim ate
since o ther 4p lev e ls , also  ra d ia tiv e ly  coupled to  the 4p ? sy
levels  are , of course, undergoing population changes). In a s im ila r 
manner i t  can be shown th a t for lasing  a t 4880 8 , pertu rbations o f  the 
order of 1% are to  be expected as a consequence o f  the rad ia tiv e  
coupling (7,7 x 10%® cm"'^  s"" ^) of the 4p ^Dgy lev el to  tlie 
4p 4pgy , gy , ^y le v e ls , and fo r the same reason as before th is  is  
a conservative estim ate. The observation o f somewhat la rg e r 
p e rtu rb a tio n s , of the order o f 10% for 5145 8  rad ia tio n  and 2 - 3 %  
fo r 4880 8 ra d ia tio n , could be accounted for by c o ll is io n a l ,  as well 
as ra d ia tiv e , decay for whidi we have already discussed the evidence 
(see chs, 3 and 4 and also f ig  A, 17),
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With regard to  coupling from tlie 4p and 4p ^Dsy levels  to
3d le v e ls , both the ra d ia tiv e  coupling ra te s  and c o llis io n a l
de-ex c ita tio n  ra te s  are too sm all, by a fac to r o f  4 (see tali le  A, 2),
to explain the observed p ertu rb a tio n s .
I f  the 4s 4pgy^; gy^, 2y levels  are so le ly  responsible for the
pumping o f the 4p le v e ls , the cross-sec tion  estim ates o f  Beigman e t a l
(see f ig  A. 32) for 4s - 4p e lec tro n  ex c ita tio n , imply a combined
population for these q u a rte t 4s levels o f the order o f  2 x lOd  ^ cm~ ®
and a life tim e  towards c o llis io n a l ex c ita tio n  to 4p levels o f
2 X 10“ ® s , which is  o f  the same order as th e ir  ra d ia tiv e  life tim e s .
The to ta l  ra d ia tiv e  decay from a l l  4p leve ls  to  the q u arte t 4s
leve ls  is  about 4 x 10^® cm"  ^ s~  ^ ( tab le  A.2 ), which is  about 50% o f
the to ta l  pumping ra te  to  the 4p lev e ls . This im plies th a t  i f  these
4s lev e ls  are responsible for tlie pumping o f the 4p le v e ls , a
considerable f ra c tio n  o f  the 4p population is  due to  re-cycling  from
close ly  lying energy levels  (as opposed to  the ion ground s t a t e ) ,
So4 Conclusions regarding the ex c ita tio n  mechanisms fo r  the 4p and
4d configurations
On the basis  o f  the availab le  c ross-sec tion  d a ta , the observed
4p and 4d pertu rbations cannot be explained by in e la s t ic  n eu tra l-io n
c o ll is io n s 0 Since the normalized f ra c tio n a l pertu rbations (o values)
are independent o f  discharge cu rren t, they cannot be explained by
in e la s t ic  e lec tro n -io n  c o ll is io n s ,
The 0 values for the 4d and tlie q u arte t 4p levels are between
2 and 4% due to  a d ire c t  population change on the 4p y level and
8 - 11% due to a d ire c t  population change on the 4p lev e l,/ 2
The ra tio  o f  the a values is  approximately the same for a l l  le v e ls . 
These observations are d ire c t evidence th a t an i ip o r ta n t  ex c ita tio n  
pathway for the 4d and the q u a rte t 4p levels  is  through the q u a rte t 
4s le v e ls . The magnitudes o f the pertu rbations are consis ten t with 
reported  punping ra te s  for the 4p configuration . The r a t io  o f  the 
a values for a p a r tic u la r  lev e l ( 4 - 5  for the 4d*s and q u a rte t 4p 's
b . l 4
and 1 - 2  for the doublet 4p 's) i s  less  than expected from Hie r a t io  
of ra d ia tiv e  decay ra te s  to  tlie q u a rte t 4p s ta te s  (7). This 
ind ica tes  th a t punping is  not so le ly  through the q u a rte t 4s s ta te s  
but involves other pathways, and th a t the re la t iv e  contributions o f  
tlie pathways d if f e r  between doublet and q u arte t 4p 's ,
5,5 Mode in te ra c tio n s
We now consider the relevance o f  the p resen t study o f 4p 
population pertu rba tions to  reported  mode in te rac tio n s  between the 
4880 8  and 5145 8  la s e r  tra n s itio n s  (Forsyth^, S tatz  e t  a l^ ) ,
Ihen the 4880 8  t ra n s it io n  o s c il la te s  multimode i t s  associa ted  
population inversion is  modulated a t the d ifference frequencies o f
nthe modes , and in  p a r tic u la r  tlie lower lev e l population [4s ^Pgy ) 
is  modulated in  th is  way. The lower lev e l is  common to  the 5145 8  
t ra n s itio n  and therefo re  the  population inversion a t  5145 8  is  a lso  
modulated a t frequencies corresponding to  the mode spacings a t  
4880 8 , I f  the 5145 8  t ra n s it io n  o s c il la te s  sim ultaneously on a 
s ing le  long itud inal mode, the p o la riz a tio n  induced by th is  mode in 
tlie active  medium has sidebands a t frequencies corresponding to  tlie 
mode spacings a t 4880 8 , When the long itud inal mode spacings a t 
4880 8  and 5145 8  are the same [equal cavity  lengths) the p o la riz a tio n  
sidebands in je c t  power in to  other long itud inal modes a t 5145 8 , so 
lowering t l ie ir  th reshold . Mien the long itud inal mode spacings are 
d if fe re n t (unequal cav ity  lengths) the frequency o f  the p o la riz a tio n  
sidebands does no t correspond to  the availab le  modes a t  5145 8  and so 
s in g le  mode o s c il la t io n  p e r s is ts .  The add itional modes in  the output 
lead to an o v era ll increase in  the to ta l  power av a ilab le  from the 
tra n s it io n .
We have seen in  the previous sections th a t in  tlie argon discharge 
there is  coupling between tlie populations of upper la se r  le v e ls .
This coupling is  im portant in  considering mode competition e f fe c ts , 
since the modulation o f  the population inversion a t  4880 8  is  
transm itted  to  tlie population inversion  a t  5145 8  n o t only through
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the common lower le v e l, bu t a lso  through the coupling between the 
upper la se r  leve ls  (4p , 4p ^Dgy^) o f these two tra n s itio n s .
We now ca lcu la te  the amplitude o f  the p o la riz a tio n  sidebands a t 
5145 8  due to  the observed coupling between the 4p ^^sy and 4p ^p^y 
upper la se r  lev e ls .
The amplitude of the p o la riz a tio n  sidebands a t  5145 8 , under the 
approximations made by S ta tz  e t  a l^ , is  given by
2^  IDial^ 1-5 CNr Ni) I lEol , (5.11)
where 6 (Nj- N2) is  the amplitude o f the modulation o f  the population 
inversion a t 5145 8  due to two mode o s c illa tio n  a t  4880 8 , IEq! is  
the amplitude o f  the s in g le  mode ( in i t ia l ly )  a t  5145 8 , |D^2 l is. the 
X-component o f  the d ipole m atrix element for the 5145 8  tra n s itio n  
and y2 is  the re lax a tio n  ra te  o f  the common lower le v e l.
I f  the output power o f  the la se r  a t 4880 8  i s  P and the discharge 
volume coupled to the rad ia tio n  f ie ld  is  V, then the modulation o f 
the population inversion  a t  5145 8  due to the common lower lev e l is  
given approximately by (see 1,5)
0N2 = P(hvVY2) “ ‘ (1-A32T3) 5 (5,12)
where the subscrip t 3 designates the 4p ^Dgy lev e l. In order to 
determine the modulation o f the population inversion a t 5145 8  due to 
the coupling between tlie upper 4p le v e ls , we must consider the time- 
dependent form of equations (5,6) and (5,8) which are
ôN^  = A^. cos w^t -
(5.13)
6 N  =  p .  6 N «  “  6 N  T "  ^ o1 I ’i 1 1 1
From these we obtain  fo r  the amplitude o f the coupling a t  frequency w
5.16
C&N^ /GNj) = (SN^/SNg) Cl+WQ2rQ )^-&Cl+Wo2TT2)"&
W g DC
- o (l+WQ^  r^Z)  ^(l+-ü)^ ’^ T^^)  ^ o (5ol4)
Now we have th a t
6N3 = P/(hvVY3) ,
SO th a t  the modulation of the population inversion  a t  5145 A due to
upper lev e l e ffe c ts  is
ôNx -  aP(hv Vyg)"  ^ (I+wq^ t^ ^)  ^(l+'too^i'i^)  ^ , (5.15)
and the ra t io  o f  upper to  lower lev e l modulation e ffe c ts  is  therefore  
clYz/^s) (1-A32T3)” ^(1+wo^T^^) 2(l+W0%Tx2)  ^ . (5.16)
Assuming th a t T% = 9 x 10“ ® s ,  ygyg"   ^ = 25, wg = 2t t  x  100 IVHz,
= 3 X 10"  ^ S; 0 = 0,03 and (I-A32T3) = 0.25 (see tab les A.2 - A.4 ), 
the above ra tio  is  0 .2 , Thus a t  heat frequencies around 100 MHz, 
lower lev e l coupling is  the more s ig n if ic a n t. For P “ 2 w atts and 
V = 1.5 cm®, values o f the equivalent e le c t r ic  f ie ld  and fo r 
spontaneous emission noise were ca lcu la ted  by S ta tz  e t  al^ from 
(5,11) as 3.5 X 10“ ® esu and 3 .6  x 10“ esu resp ec tiv e ly . I t  
th erefo re  follows th a t fo r  la s e r  tra n s itio n s  th a t do no t share a 
common lower la s e r  le v e l ,  upper lev e l couplings w il l  be s ig n if ic a n t 
since associa ted  equ ivalen t e le c t r ic  f ie ld s  exceed spontaneous emission 
no ise . Also, in  going to  h ea t frequencies around wo = 2n x 10 MHz, 
upper lev e l couplings dominate over lower lev e l couplings.
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Figure 5,1 Nornialiaed fractional perturbation at 5145 î  
( 4p ^1*5/2 *" ^ 5 /2  ) to  laser o sc illa tio n  at
4880 î  as a function of discharge current # Pressure 0 ,2  Toit, 
2 nm bore tube, s id eligh t from laser discharge.
Figure 5,2 Nomalized fractional perturbation at 4580 X 
( 4p -  4s ^^2/2^ (iue to lasing at, 4880 1 as a function
of discharge current. Pressure 0*2 Torr, 2 am bore tube, 
sid eligh t from laser  discharge.
—oFigure 5,5 Normalized fractional perturbation at 3559 A 
( 4d ^^7/2 ** ^ 5 /2^  laselr radiation at 4880 2
as a function o f discharge current • Pressure 0,15 Torr, 
4 mm bore tube, external c e l l .
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Figure 5,4 Normailzed frac tio n a l perturbation a t 5145 A 
(4p -  4s due to  la se r rad ia tion  a t 4880 X as
a function of discharge current. Pressure 90 nO?orr, 4 lam 
bore, external c e l l . oFigure -5,5 Normalized frac tio n a l perturbation a t 3577 A 
( 4d ^F^yg .. 4p ^D^yg) due to  la se r rad ia tion  a t 5145 X 
as a function of discharge current. Pressure 150 mTorr,
4 Kffltt bore, external c e l l .
m
a)gas kinetic
m
/ C t ’
L
NCA,
level
Figure 5.6 Coupling m ech an ic  between upper la se r level and 
general 4p or 4d le v e l.
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APPENDIX A 
REVIEW OF THE ARGON ION LASER
A . 2
Aol H is to ric a l In troduction
Ion la se rs  are im portant as p ra c tic a l  sources o f u l t r a  v io le t ,  
v is ib le  and near in fra -red  coherent ra d ia tio n . In a l l  ion la se rs  the 
ac tiv e  medium is  an e le c tr ic a l ly  excited  gas (or vapour), but they may 
be c la s s if ie d  in to  four p rin c ip a l categories depending on th e ir  mode 
o f e x c ita tio n  and the nature o f the a c tiv e  ion. E xc ita tion  of the 
ac tiv e  medium may be by curren t pulses leading to  a pulsed coherent 
output, o r by a dc cu rren t leading to  continuous wave (cw) coherent 
output. The ac tiv e  ion may be th a t  o f a noble gas (Ar, Ne, Xe, Kr) 
or th a t o f a metal vapour (Hg, Zn, Cd, Se, Mg e tc .)  which is  usually  
introduced in to  a noble gas discharge. This review is  r e s t r ic te d  to  
one o f the cw noble gas la s e rs ,  namely the cw argon ion la se r .
The argon ion la se r  provides the h ighest cw coherent power (up 
to  100 w atts) a t  p resen t av a ilab le  d ire c tly  from an ac tiv e  medium in  
the blue-green region o f the spectrum. In the eigh t years since the
discovery o f pulsed la se r  o s c il la t io n  in  the argon ion by Bridges
1 2 (1964) and Convert e t  a l  (1964) the argon ion la se r  has been developed
to  the stage o f a commercial instrum ent, and i t s  p resen t day app lications
cover the f ie ld s  o f holography, n o n-linear o p tic s , l ig h t  sc a tte r in g ,
image and data recording, doppler v e lo c ity  measurement, b io lo g ica l
research , e tc .
The development of the cw argon ion la se r  can be conveniently 
considered from th ree  view points; namely, the discovery o f new tra n s itio n s  
and modes o f ex c ita tio n  o f the ac tiv e  medium, improvements in  discharge 
tube technology, and f in a lly  the increasing  understanding o f the 
processes leading to  population inversions. I t  is  th is  l a t t e r  aspect 
th a t is  the most re lev an t here, but before going on to  consider i t  in
d e ta i l ,  b r ie f  consideration  w ill  be given to the f i r s t  two.
1 2 In the spring o f 1964, Bridges and Convert e t a l reported  ;
la se r  o s c il la t io n  on ten  tra n s itio n s  o f the argon ion in  the range
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4500 - 530oX; a l l  but one o f these tra n s itio n s  being from the (3p) 4p 
to the (3p) 4s configuration . This was soon followed by repo rts  from 
Bennett (1964)^ and Gordon e t  a l  (1964)^ o f quasi-continuous and tru e  
continuous la se r  o s c il la t io n  on these tra n s it io n s , Gordon e t  al^  
a lso  reported  cw o s c il la t io n  on twenty v is ib le  tra n s itio n s  o f krypton 
and xenon.
The ac tive  medium of the argon ion la se r  is  the p o s itiv e  column 
region o f a low pressure (0.2 - 0 .7  Torr) dc discharge in  argon. In 
the f i r s t  generation o f argon la se rs ,  the p o s itiv e  column was co n stric ted  
by a quartz c a p illa ry  tube (bore 1.25 - 4 mm) to produce the high 
cu rren t d en s itie s  (lOOAcm""^ ) necessary to c rea te  population inversions. 
The c a p illa ry  was usually  between 25 cm 'and 1 m long.
Since high cu rren ts have to be passed in to  the gas, hot oxide- 
coated cathodes were employed to  keep discharge voltages and cathode 
spu tte rin g  to  a minimum. Voltage gradients in  the  p o s itiv e  column 
are around 10 v o lts  cm"  ^ and so the power d iss ip a tio n  in  the c a p illa ry  
even a t an operating cu rren t as low as 1 A is  around 10 w atts cm"^.
A power d iss ip a tio n  o f 25 w atts cm"  ^ is  su ff ic ie n t  to  heat the quartz 
discharge tube to incandescence w ith in  a few seconds, so th a t fo r 
prolonged running a t  high cu rren ts , w ater cooling o f the co n stric ted  
region o f the discharge is  e s se n tia l.
The o p tic a l cav ity  is  in  general formed from d ie le c tr ic  m irrors 
with r e f le c t iv i t i e s  peaked in  the range 450oX to  5500X, Usually one 
m irror has a transm ission between 3% and 6% (through which the coherent, 
power is  coupled), the o ther being almost to ta l ly  re f le c tin g . The 
m irrors are usually  ex ternal w ith tube ends term inated by Brewster 
angled windows,
The optimum argon f i l l i n g  pressure is  about 0 .5  Torr (for a 2 mm 
bore tube) and varies only s l ig h tly  between the d if fe re n t tra n s it io n s .
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The E/p r a t io  fo r the p o s itiv e  column is  th erefo re  around 20 v o lts  
cm" ^  Torr"^.
For discharge tubes o f the dimensions given above to ta l  power 
outputs on a l l  tra n s itio n s  o f the order of ISO mW were reported (Gordon 
e t  a l^) from a 20 cm long tube a t  curren ts o f the order of 10 A (300 A 
The tra n s it io n  exh ib iting  the h ighest gain is  a t  488oX (4p - 4s ^Pa/a)
w ith a threshold  cu rren t o f 0 ,5  A (20 A cm“^), while maximum power is  
obtained from the 51348 tra n s i t io n  (4p - 4s
Over the next four years (1964 - 8) considerable progress was 
made in  improving the power outputs ava ilab le  from a fixed  volume 
o f ac tiv e  medium, both through the development o f improved discharge 
tubes and through the use o f long itud ina l magnetic f ie ld s ;  and in  
producing s ta b le , s in g le  mode o r mode locked outputs. None o f these 
developments, however, a lte re d  the basic  discharge processes responsib le 
fo r population inversions, ap art from the use o f a long itud ina l magnetic 
f ie ld .  Results from experiments on quartz c a p illa ry  discharges are 
therefo re  equally  re lev an t to  argon la se rs  employing more sophisticated, 
methods o f containment.
Some o f the more important developments in  argon la se r  technology
during th is  period are now summarized.
Bridges and Halstead (1966)^ reported to ta l  output powers of 
up to  8.5 w atts from a 46 cm long 4 mm bore quartz discharge tube a t 
a cu rren t o f 45 A (350 A cm"-) in  the presence o f a long itud inal magnetic 
f ie ld  o f 1000 gauss. In 1965, Labuda e t  al^ estab lish ed  th a t la se r  
power output increases monotonically with increasing discharge cu rren t, 
and th a t the power output is  lim ited  through the cu rren t lim ita tio n  
s e t  by the d estru c tio n  o f the quartz c a p illa ry  under p o s itiv e  ion 
bombardment (maximum power d iss ip a tio n  in  quartz approximately 140 W cnf^} 
By using a ceramic discharge tube (3.5 mm bore, 50 cm long)
7Paananen (1966) was able to  overcome the curren t lim ita tio n  s e t by
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the quartz c a p illa ry , and reported  a to ta l  output power o f 14 w atts 
a t a cu rren t o f 75 A (800 A cm"^) in  the presence o f a magnetic f ie ld .  
There was evidence a t  these cu rren t d en s itie s  th a t the output sa tu ra ted  
and then decreased w ith increasing  cu rren t. Using a s im ila r discharge 
to  the above, Paananen (1966)^ also  reported  cw o s c il la t io n  in  Ar I I I  
a t  35118 . An output power o f 13 mW was obtained a t  a discharge curren t 
o f  72 A.
Labuda e t a l^ , Rigden^, Hernqvist and Fendley^^ and McMahan^^
in v estig a ted  a range o f m ateria ls  in  attempts to  rep lace quartz as
the confinement m ateria l fo r  the discharge. These included molybdenum,
aluminium, tantalum and p y ro ly tic  g raph ite . Since the wall of the
discharge tube is  e le c t r ic a l ly  conducting when such m ateria ls  are used,
i t  must be constructed in  the form o f short segments, each segment
being in su la ted  by a su itab le  spacer m ateria l from i t s  neighbours.
(In the case o f p y ro ly tic  g rap h ite , i t  is  also  possib le  to  use a 
11continuous w all .)
By going to la rg e r  bore quartz discharge tubes (10 mm) Boersch 
12e t  a l  in  Ju ly  1967 succeeded in  producing continuous output powers
of the order o f 100 w atts a t  cu rren ts  of the order o f 300 A (400 A cm~2)
in  the absence o f a magnetic f ie ld .  In October 1968 the same group
(Banse e t  a l ) reported  non-resonant la se r  o s c il la t io n  a t 48808 and
51458 . Output powers o f the order of 1.5 w atts were achieved without
the need fo r  cav ity  m irro rs. The s in g le  pass gain in  th is  mode of
operation  is  about 10 dB m"L This compares w ith s in g le  pass gains o f
the order o f 1 dB m“  ^ for narrow bore tubes a t  cu rren t d e n s itie s
around 300 A cm"  ^ (Sayers ^ '^) ,
In order to  reach the cu rren t d en s itie s  th a t produce sa tu ra tio n
15o f power output in  the large  bore tubes, Boersch e t a l  (1970) devised 
an argon ion la se r  where the c a p illa ry  was constructed in  anodized 
aluminium segments (bore 12 mni). Power output was found to depend on
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the product o f cu rren t density  w ith tube radius (JR) and to  reach a 
maximum value a t  around JR = 170 A cm"^ (400 A cm"^). Maximum power 
output on a l l  t ra n s itio n s  o f Ar II  was 105 W m"  ^ a t  f i l l i n g  pressures 
around 1 Torr. The sa tu ra tio n  o f power output fo r tra n s itio n s  o f Ar II  
was found to  correspond to  the threshold  fo r Ar I I I  o s c il la t io n , and 
fo r JR values around 250 A (420 A cm"^) two Ar I I I  tra n s itio n s  
(3511, 36388) produced a to ta l  coherent output power o f 3.0 W. I t  
appears th a t e x c ita tio n  to  Ar I I I  s ta te s  is  responsible fo r the dep letion  
of the population inversion o f Ar I I  s ta te s .  Other in v estig a tio n s
involving Ar II  and Ar I I I  ex c ita tio n  w ith large bore tubes have been
16 17reported  by Banse e t  a l  and H erziger and Seelig  .
Two novel methods fo r the e lec tro d e less  e x c ita tio n  o f cw argon
18 19ion la se rs  are due to  Goldsborough e t  a l ’ , Both involve using 
r f  e le c tr ic  f ie ld s  to  ex c ite  the discharge; in  the one case the power 
being coupled in  using the transform er p r in c ip le , while in  the o ther 
through cyclotron resonance. N either of these methods have proved as 
convenient as dc ex c ita tio n .
In summary, th e re fo re , the p rin c ip a l stages in  the development 
o f the ov argon ion la se r  have been:
(i)  the development o f narrow bore (1.5 - 4 mm) discharge tubes to  the
lim it s e t  by quartz erosion (350 A cm"^);
( i i )  the replacement o f quartz by ceramic or segmented metal tubes to 
allow high cu rren t d en s itie s  to  be achieved (100 A cm"^) combined 
w ith the use o f a long itud inal magnetic f ie ld ;
( i i i )  f in a lly ,  the development o f large  bore (10 - 15 mm) discharge 
tubes in  e ith e r  quartz or segmented aluminium sections not 
requ iring  magnetic f ie ld s  but requ iring  large  to ta l  currents 
(I = 500 A, J  = 500 A cmrZ).
I f  large to ta l  output powers (100 w atts) are required then large
bore tubes w ith large  discharge curren ts must be used, but i f  more
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moderate powers are  s u ff ic ie n t  (10 w atts) the narrow bore tube with 
ax ia l magnetic f ie ld  i s  much more convenient.
At p resen t fourteen  cw la se r  tra n s itio n s  o f Ar I I  are loiown, 
and these are l i s te d  in  tab le  A .l together w ith lev e l designations.
In the next sec tio n  (§ 2) basic  data on the energy level s tru c tu re , 
t ra n s it io n  p ro b a b ilit ie s  and life tim es  associated  w ith the Ar II ion 
are considered, and th is  is  then followed in  § 3 by a review o f the 
experimental and th e o re tic a l in v estig a tio n s  on the argon ion la se r  
discharge. These two sections provide the background necessary fo r 
§ 4 where ex c ita tio n  mechanisms are discussed. P ra c tic a l d e ta ils  
about the construction  o f quartz envelope argon ion la se rs  are given 
in  Ch. 2,
A, 2 The Argon Ion
A .2.1 Argon II  energy levels
The most comprehensive in v estig a tio n  o f the Ar I I  spectrum is  
20due to  Minnhagen , who observed some 2000 l in e s , asçribab le  to 320 
Ar II  energy le v e ls , in  the wavelength range 200 - 12500%.
The configurations o f Ar II  o f  relevance to  the argon ion la se r  
are o f the form 3s^ 3p^n The paren t configuration  (Ar I I I ) ,  3s^ 3p'+, 
is  e sse n tia lly  governed by LS coupling, so th a t the designation of 
the parent lev e ls  is  ^p2 , i ,o  » ^^2 ? ° A consequence of the predominantly
LS coupling is  th a t the s p li t t in g s  o f the lev e ls  due to  sp in -o rb it 
coupling are small compared to  the separations o f the ^P, and terms. 
Mhen the ou ter e lec tro n  o f Ar I I  is  added to the Ar I I I  parent i t s  
associa ted  coupling energies are  la rg e r  than the sp in -o rb it energy o f 
the 3p^ core fo r low n and A values and hence are describable by LS 
coupling, whereas fo r high n and & values they are sm aller than the 
sp in -o rb it energy o f the 3p^ core and so must be described in  terms o f
or coupling depending on the magnitude o f the sp in -o rb it in te ra c tio n
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of the outer e lec tro n . The configurations of p rin c ip a l in te re s t  here 
(3d, 4s, 4p, 4d, 5s) correspond to  the former case. In general the 
coupling o f the ou ter e lec tro n  is  sm aller than the mututal e le c tro s ta t ic  
in te ra c tio n  o f the core e lec tro n s , bu t in  the Sp'^  3d case i t  becomes 
of comparable magnitude, and so in  th is  l a t t e r  case the parent term 
assignment is  less  s ig n if ic a n t.
In the argon ion la se r  the  configurations o f p a r t ic u la r  in te re s t  
are a l l  associated  w ith the paren t term, which, following Hund's 
ru le , is  the ground term o f Ar I I I .  Since tra n s itio n s  involving core 
changes are much le ss  probable than tra n s itio n s  between configurations 
with the same core, only the ^P paren t tepn need by considered in  th is  
context.
The following configurations are o f p a r tic u la r  in te re s t  (Figure A.1): 
the 3p  ^ (3p) 4p configuration  since i t  contains the m ajority  o f the 
upper la se r  lev e ls  o f Ar I I ,  the 3p^ (Sp) 4s configuration  since i t  
contains the sh o rt liv ed  lower la se r  lev e ls  as w ell as m etastablp lev e ls  
o f in te re s t  in  re la tio n  to  the pumping cycle, the 3p^ (3p) 3d configuration  
since i t  also  contains m etastable lev e ls  of relevance to  the pumping 
cycle, the 3p^ (3p) 4d configuration  since th is  is  a source o f cascade 
pumping to  the 4p le v e ls , and f in a lly  the 3p^ ground configuration  
w ith lev e ls  ^ P i/2 j 3/ 2 »
The excited  configurations contain  both doublet and q u arte t terms 
(Figure A .2). In the case o f pure LS coupling, ra d ia tiv e  tra n s itio n s  
involving spin  changes are forbidden, and so tra n s itio n s  between doublet 
and q u arte t leve ls  are only to  be expected when deviations occur from 
pure LS coupling.
In th è  case o f the 4d configuration  LS coupling is  in  general 
a v a lid  approximation, p a r t ic u la r ly  for the q u arte t lev e ls . I r r e g u la r i t ie s  
in  the positions o f the (^P) 4d and (3P) 4d ^P terms ind ica te  strong 
p e rtu rb a tio n s , probably due to  in te rac tio n s  w ith the (^D) 3d and
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(1$) 3d terms in  the former case and the (^D) 3d term in  the 
l a t t e r .
The lev e ls  o f the 3d configuration  are d is tr ib u te d  over a very 
large energy range (19000 cm" ^  , which is  about ten  times the energy 
range covered by the ^Payi^o p a ren ts ) , and hence an LS coupling scheme 
is  in  order here. The q u a rte t terms o f th is  configuration  exh ib it 
zero non-diagonal m atrix elements due to  e le c tro s ta t ic  in te ra c tio n s , 
and small non-diagonal elements due to sp in -o rb it coupling, which means 
th a t they do not in te ra c t  to  any ex ten t w ith o ther terms belonging 
to  th is  or any o ther configuration . In the case o f the doublet terms, 
however, the (SP) 3d ^P and (^D) 3d ^P exh ib it a very strong mutual 
in te ra c tio n , and the (3p) 3d ^D, (^D) 3d and (^S) 3d terms as 
w ell as exh ib iting  mutual in te ra c tio n s  are a lso  thought to  be sub jec t 
to  ex tra-co n fig u ra tio n al in te ra c tio n s . In p a r t ic u la r  i t  i s  thought 
th a t in  the case o f  (Sp) 3d the ex tra  configurational in te ra c tio n  
is  w ith the (^D) 4s term, and in  the case o f (^S) 3d w ith the 
(3p) 2p term. The anomalously high p o s itio n  o f the (%D) 3d ^Sj/2  
lev e l is  considered to be due to  ex tra-co n fig u ra tio n al in te ra c tio n s  
w ith deeper quantum le v e ls .
In the 4p configuration  the e le c tro s ta t ic  coupling energies 
associa ted  w ith the ex ternal e lec tro n  are now much sm aller than in  the 
3d case, but they are s t i l l  la rg e r  than the sp in -o rb it energy o f the 
core, and so the LS coupling scheme is  adequate fo r  th e ir  d escrip tio n . 
The q u arte t terms do not in te ra c t  e le c tro s ta t ic a l ly  w ith one another 
or w ith o ther terms.
In the 4s configuration  the coupling is  a lso  w ell described by 
the LS scheme.
A .2.2 T ransition  p ro b a b ilit ie s
Shortly  a f te r  the discovery of the Ar I I  la se r  tra n s itio n s  in  
211964, S ta tz  e t a l  ca lcu la ted  tra n s itio n s  p ro b a b ilit ie s  fo r  tra n s itio n s
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between levels  o f the 3p*+ (^P) 4p and Sp'^  (3P) 4s configurations and
the 3p^ (3p) 4s and 3p^ configurations o f Ar I I .  This was an extension
22 23of e a r l ie r  work o f Garstang . In 1967, Rudko and Tang extended the
ca lcu la tio n s  o f S ta tz  e t  a l  to  cover a l l  tra n s itio n s  from the 4p lev e ls
( tra n s itio n s  to  3d lev e ls  now being included), as w ell as tra n s itio n s
from the  5s and 4d configurations to  the 4p configuration  (with the
aim o f assessing  the p a r t  played by the 4d and 5s lev e ls  in  cascade
pumping o f the 4p le v e ls ) .  In  1968, Koster e t  al^^ published co rrections
to  the o rig in a l tra n s i t io n  p ro b a b ilit ie s  o f S ta tz  e t  a l  fo r tra n s itio n s
from the 3p^ (3p) 4s to the 3p^ configuration; finding  th a t the t ra n s it io n
p ro b a b ilit ie s  fo r tra n s itio n s  from the 4s lower la s e r  lev e ls  were a
fac to r o f 5 la rg e r  than o r ig in a lly  thought. These ca lcu la tio n s  have
25been confirmed by Kitaeva e t  a l . In tab les  A, 2 - A, 4 tra n s it io n  
p ro b a b ilit ie s  fo r the 4p - 4s, 4p - 3d, 4s - 3p^ and 4d - 4s tra n s itio n s  
are l i s te d  using the previous references as the sources.
Experimental in v estig a tio n s  on re la t iv e  in te n s i t ie s  o f tra n s itio n s  
in  Ar I I  were f i r s t l y  ca rried  out by Olsen^^. Comparison o f the 
re la t iv e  in te n s i t ie s  o f tra n s it io n s  o rig in a tin g  from a common upper 
lev e l provides an experimental method fo r determining re la tiv e  tra n s i t io n  
p ro b a b ili t ie s  (provided the source is  o p tic a lly  th in ) . Unfortunately 
the o r ig in a l work o f Olsen was too incomplete to  allow th is  to  be done 
e ffe c tiv e ly , but Rudko and Tang ca rrie d  out d e ta iled  spectroscopic 
measurements o f absolute spontaneous in te n s i t ie s  fo r tra n s itio n s  from 
a l l  4p to  a l l  4s and 3d le v e ls , and fo r tra n s itio n s  from 4d and 5s 
lev e ls  to  4p le v e ls . In the g rea te r  m ajority  o f cases, ca lcu la ted  
and experim entally deduced t ra n s i t io n  p ro b a b ili t ie s  agree to b e t te r  
than 30%. From the experim entally determined absolute spontaneous
in te n s i t ie s  and the th e o re tic a l values fo r the t ra n s i t io n  p ro b a b ili t ie s ,  
23Rudko and Tang ca lcu la ted  population d en s itie s  and pumping ra te s  
fo r the 4p, 4d and 5s leve ls  under discharge conditions appropriate
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to the Ar I I  la se r . These values fo r the 4p and 4d lev e ls  are also
tabu lated  in tab les Al2 and A.4 resp ec tiv e ly .
25Kitaeva e t  a l have ca lcu la ted  population d e n s itie s  fo r the
4p and 4s configurations using theoretica lly -determ ined  pumping ra te s .
Since these ca lcu la tio n s  depend on e lec tro n  density  and e lec tro n
tem perature, as w ell as ca lcu la ted  ex c ita tio n  c ro ss-sec tio n s , they
w ill  be considered la te r  in  § 4.
27Bennett e t  a l have determined experim entally to ta l  ra d ia tiv e
life tim es  fo r the 4p s ta te s ,  and these are  given in  tab le  A ,2. The
to ta l  ra d ia tiv e  life tim e  measurements o f Bennett agree c lo se ly  (20%)
21w ith the ca lcu la ted  values due to  S ta tz  e t  a l .
The following general statem ents regarding tra n s i t io n  p ro b a b ilit ie s  
in  the argon ion can be summarized from the data given in  tab le s  A. 2 - 
A .4:
(i) For tra n s itio n s  between the  same p a ir  o f configurations, t ra n s it io n  
p ro b a b ilit ie s  are roughly an order o f magnitude sm aller fo r  tra n s itio n s  
involving spin changes compared w ith tra n s itio n s  not involving spin  
changes. (The former only occur a t  a ll.b ecau se  o f deviations from 
pure LS coupling.)
( i i )  In the 3p^ (Sp) 4s configuration  the leve ls  are  ^P i/2 ,3 /2  
^ P i/2 , 3/ 2 , 5/ 2 ' Since the ion ground s ta te s  are doublet s ta te s ,  and 
since LS coupling is  v a lid  approximately, the decays o f the q u arte t 
4s s ta te s  to the ground s ta te s  are slow compared to  the decays o f the 
doublet 4s s ta te s  to the ground s ta te s .  As a consequence there  is  
two orders o f magnitude d ifferen ce  in  rad ia tiv e  life tim e  between q u a rte t 
and doublet 4s s ta te s ;  the l a t t e r  being sho rt lived  enough to  be 
lower la se r  lev e ls  fo r  tra n s itio n s  from the 4p configuration .
( i i i )  T ransition  p ro b a b ili t ie s  fo r 4d - 4p tra n s itio n s  are generally  
about h a lf  an order o f magnitude g rea te r  than fo r 4p - 4s tra n s it io n s . 
(The influence o f spin  change considered in  ( i)  applies to  both these
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se ts  o f tra n s i t io n s .)
Average values fo r tra n s i t io n  p ro b a b ilitie s  between d iffe re n t 
configurations are summarized in  f ig .  lA, These re fe r  to  tra n s itio n s  
not involving spin  changes.
A .3 Argon Laser Discharge
Comprehensive in v estig a tio n s  o f the basic  plasma parameters o f 
the argon discharge operating as the ac tiv e  medium of a la se r  have been 
ca rried  out by th ree  groups; namely th a t  under the d ire c tio n  of 
V. F. Kitaeva a t  the Lebedev Physics In s t i tu te ,  Moscow (source R)  ^  ^ ,
th a t  under the d ire c tio n  o f W. R. Bennett, J r .  a t  Yale U niversity ,
New Haven (source Y)^^* and th a t  a t  Bell Telephone
L aboratories, Murray H ill (source 8)4,6,33,38,45,47,49,51^ involving
E. I .  Gordon, E. F, Labuda, R. C. M ille r, C. E, Webb and A. N. Chester.
In th is  sec tio n  the findings o f these d iffe re n t groups are  c r i t i c a l ly  
compared, s ta r t in g  with those plasma parameters th a t can be more or 
le ss  d ire c tly  deduced from experimental observation and progressing 
to  those where a th e o re tic a l model o f the discharge has to  be invoked. 
Background data which re la te s  to  argon discharges and which is  generally  
agreed upon by the d if fe re n t groups is  f i r s t  o f  a l l  summarized. By 
ty p ica l discharge conditions in  the following is  meant a quartz w alled 
2 mm cap illa ry  diameter discharge in  argon gas a t  a f i l l i n g  pressure o f 
0 .5  Torr and a cu rren t o f 10 A.
A .3.1 Gas atom density
Since the gas temperature in  the co n s tric ted  region o f the discharge 
is  considerably higher than room temperature (A.3 .4 ), and th is  region 
is  connected to  la rg e r  volumes containing cold gas, the gas density  in  
the c a p illa ry  is  reduced from th a t corresponding to  the f i l l in g  p ressu re . 
Assuming gas-pressure equilibrium , the number density  under discharge 
conditions can be estim ated from the gas law
N = N (300/T (A.l)0 0 ^ 0
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where is  the number density  a t  the f i l l i n g  pressure and is  the
n eu tra l atom temperature during operation . However, th is  r e la t io n  must
be tre a te d  w ith some caution  fo r several reasons. F i r s t ,  a t  the lower
pressures the atom mean fre e  path  (A.3.2) can become comparable to the
tube rad iu s, so th a t gas-pressure equilibrium  is  not a r e a l i s t i c  assumption.
Second, ra d ia l inhomogeneities in  gas atom density  can occur a t  large
cu rren t densities^^*^^. Webb^^ rep o rts  evidence from X-ray absorption
measurements th a t the average gas density  in  the ac tiv e  discharge is
g rea te r a t  low pressures (< 1 Torr) than pred ic ted  by equation A ,l.
F in a lly , under c e r ta in  conditions to be discussed in  A .3,7 a pressure
grad ien t can a r is e  along the c a p illa ry  ax is.
A ,3,2 Mean free  paths, Debye length
Chester^^ and Webb^  ^ have summarized th e o re tic a l and experimental
data on argon atom and argon ion mean free  paths. On the assumption
th a t  equation A .l is  v a lid , the argon atom mean free  path is  given by
Xg (mm) = 0.05 (T^/SOCO/Po (A .2)/f
where p^ is  the f i l l i n g  pressure in  Torr. The argon ion mean free  path ,
determined by charge exchange c o ll is io n s , is  s im ila rly  given by
(mm) a 0 .03  (TQ/300)/pQ (A.3)
Hence in  a ty p ica l argon la se r  discharge atom and ion mean free  paths
are comparable and o f the order o f the ca p illa ry  bore.
Momentum tra n s fe r  c ro ss-sec tio n s  fo r e lec trons in  argon have
52been reviewed and measured by F rost and Phelps . In the e lectron  
energy range 1 - 1 0  ©V, the momentum tra n s fe r  (or to ta l  e la s tic )  c o llis io n  
c ro ss-sec tio n  fo r e lec trons w ith n eu tra l argon is  approximately 10-%& cm  ^
where E^ is  the e lec tro n  energy in  .eV. The e lec tro n  mean free  path fo r 
e la s t ic  c o llis io n s  w ith n eu tra l argon is  therefo re
(mm) = (3/Po E2)(TQ/300) (A.4}?'
The e lec tro n  mean fre e  path against Coulomb sc a tte rin g  through g rea ter 
than 90° (sing le  c o llis io n )  by the argon ions can read ily  be ca lcu la ted  as^^
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A . (mm) = 2 X 1Q14 E 2/ n (mm) (A. 5)e-1   ^  ^ e ' e ^
where is  the e lec tro n  density  (cm~^). Under ty p ica l operating
conditions therefo re  the e lec tro n -io n  and e lec tro n -n eu tra l mean free
paths are comparable and somewhat la rg e r than the c a p illa ry  diam eter.
Another important parameter is  the plasma sh ie ld ing  d istance or
Debye length . This is  re la te d  to e lec tro n  density  (N  ^ cm"^) and e lec tro n
53temperature (T^ eV) by
V 7 X 10% cm (A'6)
Ifiider ty p ica l discharge conditions the Debye length is  much le ss  than
the c a p illa ry  diam eter.
The ax ia l e le c tr ic  f ie ld  in  the c ap illa ry  region o f the discharge
depends only weakly on discharge cu rren t and f i l l i n g  p ressu re , and
33v aries  inversely  as the tube bore . I ts  behaviour is  summarized by 
the em pirical formula
X (vo lts  cm“ ^) = 12,3/D (mm) (A,7)
The observed v a r ia tio n  o f X/p w ith pressure fo r a 2 mm bore tube is
shown in  f ig . A,24,
A .3,3 Gas temperature
Gas tem peiatures in  the discharge have been determined from the 
linew idths o f Ar I tra n s it io n s . These tra n s itio n s  ex h ib it a predomi­
n an tly  Doppler p ro f i le .  Measurements have been ca rried  out by a l l  th ree
90 '20 cngroups (source R , source B and source Y  ^ } and there  is  reasonable
agreement over gas tem peratures so deduced, A comparison is  made in
f ig ,  A.3, The gas temperature is  roughly independent o f pressure in
the range 0,1 t 0,6 Torr, and increases l in e a r ly  w ith cu rren t. Chester
has summarized the findings o f the Bell Lab. investiga to rs  by the em pirical
formula*^
1^/300 = 1 + 0.02 J  D& (A.8)
where J  is  the cu rren t density  (A cm“^) and D is  the tube bore (mm), 
and th is  re la t io n  is  confirmed by the o ther in v e s tig a to rs . There is
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50some evidence (source Y ) th a t  in  going to higher pressures (> 0 .6  Torr) 
the gas temperature decreases by about 20%.
A.3.4 Ion temperature
Ion temperatures have been deduced by a Voigt p ro f ile  analysis 
o f several Ar I I  l in e  p ro f ile s  observed a x ia lly  (Ar I I  l in e  p ro f ile s  
observed ra d ia lly  are complicated by ion d r i f t  v e lo c itie s  due to  the 
la rge  ra d ia l e le c tr ic  f ie ld  in  the discharge - see A .3.6 and A.3 .7 ). 
Measurements are reported  in  both source and The ion
temperature increases approximately l in e a r ly  w ith cu rren t density  in  
a s im ila r fashion to  the gas tem perature. At the lower pressures
50(< 0 .6  Torr) i f  is  invariab ly  higher than the gas temperature (source Y
29by about 500 K, source R by about 1500 K), and is  approximately
independent o f p ressu re . At higher pressures i t  f a l l s  w ith pressure
50to approach the gas temperature as expected (source Y ) .  The behaviour
of ion temperature with discharge cu rren t is  summarized in  f ig .  A.4.
A .3 .5 E lectron density
E lectron d e n s itie s  in  the argon discharge have been determined
by (i)  introducing small amounts o f hydrogen in to  the discharge and
29measuring the S tark broadening o f the and lin e s  (source R ,
38souice B ) ,  ( i i )  probe measurements - these being confined to lower
38discharge curren ts (source B ) ,  ( i i i )  microwave cav ity  techniques 
(Pleasance and George^^) and (iv) Voigt analysis  o f the Ar I l in e  p ro f i le s ,  
ascrib ing  the ex trac ted  Lorentz widths to  S tark  broadening (source Y^^).
The various measurements are  summarized in  f ig s . A .5 - A .7.
A d ire c t comparison is  not immediately possib le  since d if fe re n t 
discharge conditions are  covered by d iffe re n t in v es tig a to rs . However 
the Bell Lab. in v estig a to rs  observe th a t  e lec tro n  density  is  p roportional 
to the product o f discharge cu rren t density  and f i l l i n g  pressure (J p ) 
except in  the low cu rren t, low p ressure range where the discharge exh ib its  
an in s ta b i l i ty .  In  f ig .  A .8 e lec tro n  density  has been p lo tte d  as a
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function o f J  to  allow the measurements of d if fe re n t in v estig a to rs
to  be compared. The lin e a r  dependence in  J  p^ is  seen by a l l  in v estig a to rs
There are however d iscrepancies in  absolute magnitudes, most notably
the Yale re s u l ts  which are a fa c to r  o f ten  la rg e r  than those o f o th ers.
In view o f the assumptions about the S tark  broadening mechanism fo r
the Ar I tra n s itio n s  and d i f f ic u l t ie s  in  ex trac tin g  small Lorentz widths
from the Ar I l in e  p ro f i le s ,  too much re lian ce  cannot be placed on
the Yale r e s u l ts .  Other in v estig a to rs  agree on absolute magnitudes
to  w ith in  a fac to r  o f th ree . Kitaeva e t  a l have a lso  deduced e lec tro n
d e n s itie s  from th e ir  measurements o f  e lec tro n  temperature (A.3.6) and
37plasma conductiv ity  . E lectron  d e n s itie s  so derived were found to
agree to  w ith in  a fa c to r  o f two with th e ir  values obtained d ire c tly
by S tark broadening ( f ig . A .5).
E lectron density  measurements in  argon ion la se r  discharges may
33be summarized by the em pirical formula
n -  const. J  D p^ (A.91e  ^0 "
where the symbols have th e ir  usual meanings. Apart from u n ce rta in tie s  
over absolute magnitudes there  is  general agreement over the dependence 
of e lec tro n  density  on discharge param eters.
A .3.6 E lectron temperature
E lectron  tem peratures have been determined by (i)  probe measurements 
(B^^) and ( i i )  linew idth  (p29,31^ and lin e  p ro f i le  (Y^^) measurements 
on argon I I  t ra n s it io n s .
Because o f erosion problems, probe measurements are  r e s t r ic te d
to  low cu rren t d e n s itie s  (< 100 A cm“2 ) . The re su lts  are  summarized
in  f ig .  A.9 and in d ica te  th a t the e lec tro n  temperature is  approximately
independent o f discharge cu rren t density  and decreases w ith increasing  
p ressu re . Under ty p ica l operating conditions the e lec tro n  temperature 
as ind icated  by probe measurements is  around 30000 K. The dependence 
o f e lec tron  temperature on p^D product was also  in v estig a ted  using probes
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and these re su lts  are  shown in  f ig ,  A. 10. At constant discharge cu rren t, 
the e lec tro n  temperature is  independent ôf p^D fo r values o f p^D above 
about 4 Torr-mm,
The above findings are a t  variance w ith estim ates o f e lec tron  
temperature using lineividth or l in e  p ro f i le  tecliniques. In both these 
spectroscopic techniques the broadening of Ar I I  tra n s itio n s  when viewed 
transverse  to the discharge tube ax is is  measured. The add itional 
broadening so observed is  a consequence o f a d r i f t  v e lo c ity  superimposed 
on the ion random v e lo c ity  by the strong ra d ia l e le c tr ic  f ie ld  in  the 
plasma. This ra d ia l e le c tr ic  f ie ld  may be re la te d  to e lec tro n  temperature 
roughly speaking the ra d ia l p o te n tia l drop between tube axis and the 
beginning o f the wall sheath is  o f  the order of k T^/q^ where q^ is  
the e lec tro n ic  charge, but the exact d e ta ils  depend on the discharge 
model assumed,
29 31Kitaeva e t  a l   ^ analysed th e ir  experimental measurements using 
the Kagan-Perel^^’^^ theory o f the discharge, which re la te s  the transverse  
ion temperature (T ^ ) to the e lec tro n  temperature T^ by
= 0.56 T + 0.13 Tg (A.10),
where T^ is  the gas tem perature and the condition of an ion mean free  
path g rea te r than the tube bore is  assumed. E lectron  temperatures 
so deduced are shown in  f ig .  A.9 as a function o f  cu rren t density  w ith 
f i l l i n g  pressure as a param eter. The observed lin e a r  increase o f e lec tro n  
temperature w ith cu rren t density  is  a t  variance w ith the  findings of 
Labuda e t  a l .
More recen tly  Sze and B e n n e t th a v e  repeated the linew idth 
measurements using a Fabry-Perot system with a much higher fin esse  
than th a t o f Kitaeva e t  a l ,  so th a t d e ta ile d  lin e  p ro f ile s  were obtained 
fo r the Ar I I  tra n s i t io n s .  These p ro f ile s  were then analysed in  terms 
of a d is tr ib u tio n  of d r i f t  v e lo c itie s  superimposed on the d is tr ib u tio n  
o f ion random v e lo c it ie s .  The d is tr ib u tio n  o f d r i f t  v e lo c itie s  fo r
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the excited  ions was ca lcu la ted  on the b asis  o f an ion free  f a l l  model 
and an assumed dependence o f ra d ia l e le c tr ic  f ie ld  on ra d ia l p o s itio n  
in  the plasma region o f the discharge. Hence from the  measured p ro f ile s  
the ra d ia l e le c tr ic  f ie ld  was ca lcu la ted , therefo re  allowing e lectron  
temperatures to  be deduced. The measurements o f Sze and Bennett are 
also  shown in  f ig . A.9. In  th is  case the  e lec tro n  temperature is  
observed to  increase i n i t i a l ly  w ith increasing  cu rren t density , but 
then to sa tu ra te  above about 200 A cm"^. Magnitudes are comparable to  
those reported  by Labuda e t  a l  (30000 K), but are  about a fa c to r  of 
two to  th ree  down on those o f Kitaeva e t  a l .
The behaviour o f e lec tro n  temperature w ith discharge param eters,
in  p a r tic u la r  cu rren t density , is  therefo re  a region o f controversy
a t  p resen t. D iscrepancies may have a risen  due to the use o f d if fe re n t
discharge tube geometries - in  p a r tic u la r  the inclusion  o r otherwise
o f a gas re tu rn  path . In the absence o f such a re tu rn  path , the number
density  of n eu tra l argon atoms in  the c a p illa ry  would decrease with
increasing  cu rren t due to  gas pumping and th is  could in  i t s e l f  lead
to  an increase in  e lec tro n  tem perature w ith increasing discharge cu rren t.
As w ell as th is  experimental u n certa in ty , the d if fe re n t discharge
models assumed in  in te rp re tin g  the l in e  p ro f i le  data a lso  lead  to
d iffe re n t conclusions about e lec tro n  temperature (see fo r example Sze 
50and Bennett ) .
A .3.7 D rif t v e lo c it ie s ,  gas pumping
The ax ia l d r i f t  v e lo c ity  o f the electrons can read ily  be ca lcu la ted  
knowing the e lec tro n  density  and the discharge cu rren t density . D rif t 
v e lo c itie s  determined in  th is  way from the e lec tro n  density  measurements 
due to  the in v estig a to rs  a t  Bell Labs, are shown in  f ig . A .l l .  E lectron
J?d r i f t  v e lo c ity  is  inversely  p roportional to  p^D product, and is  independent 
o f discharge cu rren t density .
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Ion and n eu tra l atom ax ia l d r i f t  v e lo c itie s  have been in vestiga ted  
both by B a llik  e t  al^^ and by Kitaeva e t  al30,41 observing the s h if ts  
o f l in e  centres as seen from opposite ends o f the discharge tube.
There are discrepancies between the measurements o f the d iffe re n t 
in v e s tig a to rs .
In the case o f the n e u tra ls , B a llik  e t a l  reported  no measurable 
d r i f t  v e lo c ity , but Kitaeva e t  al^^ reported d r i f t  v e lo c itie s  comparable 
to  those o f the ions. The re s u lts  o f  Kitaeva e t  a l  are summarized 
in  f ig . A.12, and show th a t the n eu tra l d r i f t  v e lo c itie s  are o f the 
order o f 10^ cm sec " i, and increase both with increasing  current-and 
decreasing pressu re . A possib le  explanation o f the discrepancy between 
the two is  the ro le  played by a gas re tu rn  path  in  the discharge tube. 
The mechanism o f gas tra n s fe r  from the cathode to  the anode regions 
o f the argon discharge has been extensively  stud ied  both th e o re tic a lly  
and experim entally by C hester^^'^^. In the absence o f  a re tu rn  path 
from anode to  cathode the gas p ressure increases in  the anode region 
and decreases in  the cathode, the equilibrium  pressure d ifference  
corresponding to a reduction o f the n eu tra l d r i f t  v e lo c ity  to zero.
I f  a gas re tu rn  path is  included, a pressure d ifference  cannot bu ild  
up, so there  is  a continual tra n s fe r  o f neu tra l gas atoms from cathode 
to anode, and hence a d r i f t  v e lo c ity  associa ted  w ith the n e u tra ls .
I f  simple k in e tic  theory arguments are  used to r e la te  the pressure 
d iffe ren ce , Ap, between anode and cathode with no gas re tu rn  path, to  
the n eu tra l atom d r i f t  v e lo c ity , v^, w ith a gas re tu rn  path , namely 
ap/Pq = W /  (2RTg) (A .ll)
where p^ is  the gas f i l l i n g  p ressu re , W the molecular weight and T^ 
the gas temperature in  the c a p illa ry , then pressure d ifferences so 
deduced from the measured d r i f t  v e lo c itie s  o f Kitaeva e t  al^^ are  in  
reasonable agreement w ith pressure d ifferences experim entally observed 
by Chester . Also, the v a r ia tio n  o f n eu tra l atom d r i f t  v e lo c ity  w ith
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discharge curren t and discharge pressure is  co n sis ten t w ith the observed 
v a ria tio n  in  pressure d ifference  w ith these param eters.
In the case o f the ion a x ia l d r i f t  v e lo c ity , experimental re su lts  
o f d if fe re n t in v estig a to rs  do not agree, although i t  is  in  general 
d i f f i c u l t  to  make d ire c t  comparisons. In f ig .  A .13, the  la te r  re su lts  
o f Kitaeva e t  a l  (1970)^^ fo r  the v a r ia tio n  o f ion d r i f t  v e lo c ity  (from 
cathode to  anode) w ith discharge cu rren t and discharge pressure are  
shown.
The ion ax ia l d r i f t  v e lo c ity  is  observed to  decrease w ith increasing
cu rren t and to  increase w ith increasing  p ressure . These findings are
30not co n sis ten t w ith e a r l ie r  measurements o f Kitaeva e t a l  (1967) which 
were made on a 1.6 mm bore as opposed to  a 2.8 mm bore tube. In the 
e a r l ie r  measurements and fo r the cu rren t density  regime shown in  f ig .  A. 13; 
the  ion d r i f t  V elocity  was reported  to  be about one order o f magnitude 
g rea te r  (3 x 10^ cm sec"^) and to  decrease w ith increasing  p ressu re .
A comparison o f the two se ts  o f measurements due to  Kitaeva e t  a l  w ith 
those o f B allik  e t  a l  is  made in  f ig .  A. 14. B allik  e t  a l ’s measurements 
o f ion d r i f t  v e lo c ity  show a d is t in c t  maximum in  th e ir  v a ria tio n  w ith 
p ressu re , and th is  behaviour is  no t seen in  any o f the measurements due 
to  Kitaeva e t  a l .  Ion d r i f t  v e lo c itie s  therefo re  need re -in v e s tig a tio n  
in  view o f the considerable d iscrepancies between in v es tig a to rs .
The d i f f ic u l ty  may in  p a r t  be due to  the s e n s i t iv i ty  o f ion d r i f t  
v e lo c ity  to  the r a t io  o f ion mean fre e  path to  tube bore. I f  the ion 
mean fre e  path  is  g rea te r  than the tube bore (X  ^ > D) momentum loss is  
through free  f a l l  to  the w alls under the influence o f the ra d ia l e le c tr ic  
f ie ld ,  whereas i f  the mean free  path  is  le ss  than the  tube bore (X  ^ < D), 
momentum loss is  through c o llis io n s  w ith in  the volume o f the tube. In 
the former case the lo ss  ra te  is  dominated by the v a r ia tio n  o f ra d ia l 
e le c tr ic  f ie ld  w ith discharge conditions. Since th is  decreases w ith 
increasing  pressure and increases w ith increasing  cu rren t, the loss
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ra te  decreases w ith increasing  pressure  and increases w ith increasing  
cu rren t, and as a consequence the ion d r i f t  v e lo c ity  is  expected to 
increase w ith increasing  pressu re  and decrease w ith increasing  c u rre n t.
This is  the behaviour observed in  the la te r  work of Kitaeva e t  a l (1970)^^. 
In the l a t t e r  case when volume e ffe c ts  are s ig n if ic a n t an increasing 
pressure leads to  an increasing  loss ra te  and so a decreasing ion d r i f t  
v e lo c ity . When the  ion mean free  path  i s  comparable to  the tube diam eter, 
the condition p rev a ilin g  in  the la se r  discharge, the  behaviour o f ion 
d r i f t  v e lo c ity  is  l ik e ly  to  be s e n s itiv e  to the p rec ise  boundary con­
d itio n s  on the discharge.
Since l i t t l e  re lian ce  can be placed on ion a x ia l d r i f t  v e lo c ity  
measurements th e ir  use by Kitaeva e t al^^ to  c a lcu la te  io n iza tio n  ra te s  
for the e lectrons is  open to  question.
The sp ec ia l case of the ra d ia l  d r i f t  v e lo c ity  fo r the ions has 
already been discussed in  sec tio n  A .3.6. Typically  ra d ia l d r i f t  v e lo c itie s  
(IQS cm s-T) are  a fa c to r  o f 10 la rg e r  than the ax ia l d r i f t  v e lo c itie s  
(1Q4 cm s - i ) .
A .3.8 Influence o f environment on homogeneous linew idths and life tim es
I f  the spontaneous emission lineshape associa ted  w ith an Ar II  
tra n s i t io n  is  in v estig a ted  by high reso lu tio n  spectroscopy, i t  can 
be analysed as the convolution o f a Doppler (inhomogeneous) p ro f i le  
w ith a much narrower Lorentzian (homogeneous)profile. The homogeneous 
linew idth is  re la te d  to  the  decay ra te s  o f the upper (1) and lower (2) 
lev e ls  o f the t ra n s it io n  according to
Av = (Aj + Cj + A2 + C2)/2ir, 
where the A 's are ra d ia tiv e  decay ra te s  and the C 's describe c o llis io n a l 
e f fe c ts .  As w ell as deducing ion temperatures from the lin e  p ro f i le ,  
i t  is  a lso  p o ssib le , th e re fo re , to  in v estig a te  decay ra te s  o f the upper 
and lower lev e ls  o f the tra n s it io n .
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High re so lu tio n  spectroscopy of the Ar I I  tra n s itio n s  has been
c a rried  out by Bennett e t  46,50 ^y Webb and M iller^^, using
scanning Fabry-Perot in te rfe ro m ete rs . The in te rp re ta tio n  o f the e a r l ie r
measurements^^ o f Bennett e t  a l  on homogeneous linew idths is  confused
by the use o f in co rrec t ca lcu la ted  values fo r the ra d ia tiv e  life tim es
o f the lower le v e ls , so only the la te r  work o f th is  group^^*^^ together
4Sw ith the work o f Webb and M ille r w ill  be considered here.
Webb and M ille r in v estig a ted  the homogeneous linew idths o f the 
488oX (4p 2D5/2  -  4s 2P3/ 2) and 4348% (4p ^Dy/ 2  - 4s ^Ps/z) tra n s itio n s  
in  Ar I I  as a function o f discharge f i l l i n g  p ressure . For both these 
tra n s itio n s  the ra d ia tiv e  life tim es  o f the  upper le v e ls , as ca lcu la ted , 
are comparable (9 nS ), bu t the former t ra n s it io n  has a lower lev e l 
w ith a life tim e  (0,4 nS ), much sh o rte r  than the life tim e  o f i t s  upper 
le v e l, while the l a t t e r  t ra n s i t io n  has a lower lev e l w ith  a life tim e  
much longer than the  life tim e  o f i t s  upper le v e l . In the case o f the 
4880% tra n s i t io n , th e re fo re , the homogeneous linew idth  is  expected to 
be due predominantly to  the ra d ia tiv e  life tim e  o f i t s  lower lev e l (430 MHz) 
together w ith broadening due to  environmental e ffe c ts  (Stark e f fe c ts ,  
c o llis io n s , e t c . ) ,  while in  the case o f the 4348% tra n s i t io n  the linew idth 
is  expected to  be due predominantly to  i t s  upper lev e l life tim e  (27 MHz) 
together w ith environmental e f fe c ts .  I f  environmental e ffe c ts  are 
s im ila r fo r both tra n s it io n s  ( i .e .  Cj = , C2 = C^), the d ifference
between th e ir  homogeneous linew idths is  independent o f discharge conditions 
and is  determined predominantly by the ra d ia tiv e  life tim e  o f the 4s 2P3/2 
le v e l. This was found to be the case by Webb and M ille r; the experim entally 
determined d iffe ren ce  in  linew idths (480 MHz) agreeing c lo se ly  w ith 
th a t  expected from the 4s 2P3/2  lev e l l ife tim e , and being independent 
o f f i l l i n g  pressure over the range 0.2 to  5.0 Torr. The l a t t e r  finding  
is  evidence th a t  tra n s itio n s  from the 4s 2P3/2  lev e l to  the ground s ta te  
do not experience ra d ia tio n  trapping up to  a pressure o f 5.0 Torr.
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The homogeneous linew idth  o f the 4348% tra n s it io n  was found to 
be much g rea te r than expected i f  due only to the ra d ia tiv e  life tim e  of 
the upper lev e l. I t  a lso  v aried  w ith discharge f i l l i n g  pressure (f ig . A,15) 
exh ib iting  a minimum o f about 200 MHz in  the pressure range 1 - 2  Torr, 
and increasing w ith both increasing  and decreasing pressure .
Bennett e t  ai46,50 also  reported  a dependence o f homogeneous 
linew idth on discharge conditions, having in vestiga ted  the curren t
0dependence o f  homogeneous linew idth  fo r seven Ar I I  tra n s itio n s  (4579A, 
4880%, 4658%, 4965%, 4727%, 5145%, 4765%). The re su lts  fo r a l l  seven 
tra n s itio n s  are s im ila r  and those fo r  the 4765% tra n s it io n s  (4p “
4s 2?!/%) are shown in  f ig .  A.16. Bennett e t  a l also  observe a decrease 
in  width w ith increasing  pressure fo r  the lower pressures ( fig . A, 15), 
but th e ir  measurements do not extend to  high enough pressures to  see 
the subsequent increase in  width reported  by Webb and M iller,
The explanation o f the changes in  the homogeneous width i s  by no 
means c lea r  a t  p resen t. Bennett has considered two mechanisms.
(i)  Small angle ion-ion  sc a tte r in g  producing phase in te rup tions during 
the rad ia tiv e  life tim es  o f the 4p s ta te s  and hence an increase in
- 3 / 2homogeneous w idths. Since the ion-ion  sc a tte rin g  r a te  v aries  as N^(T^) ,
the homogeneous width would hence be expected to  decrease w ith increasing  
cu rren t (since both and T^ increase approximately lin e a r ly  w ith 
curren t) whereas the experimental ind ications are th a t i t  increases.
( i i )  S tark  broadening through e lec tro n  impacts. Experimental and 
th e o re tic a l determ inations of the S tark broadening c o e ffic ien ts  by 
R o b e r t s i n d i c a t e  values la rg e r  by a fac to r o f about th ree than 
those o r ig in a lly  p red ic ted  by Griem The h a lf  width ( fu l l  width a t  
h a lf  maximum in te n s ity )  due to  S tark  broadening by e lec tro n  inpacts 
is  given by
Av  ^ = fiCTg) Ng ,
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where ^(T^) i s  a strong ly  varying function  o f For -  30000 K, 
Roberts gives a value fo r ü o f approximately 2 x 1 0 " MHz cm^  fo r  the 
4880% tra n s it io n . The measured increase in  homogeneous width o f th is  
t ra n s i t io n  a t  150 A cm"2 is  200 MHz. An e lec tron  density  o f about 
IQis cm”  ^ is  hence required  to  explain  the increase in  terms o f S tark  
broadening. Measured values o f e lec tro n  density  range from 2,5 x lOd^ 
to  2.5 X 1014 cm"  ^ - the upper l im it being the value given by Bennett 
using S tark broadening measurements on n eu tra l argon tra n s it io n s . The 
observed increase in  homogeneous linew idth  can th erefo re  only be explained 
in  terms o f Stark broadening i f  the higher values fo r e lec tro n  density  
are accepted. Even then the observed dependence o f homogeneous linew idth  
on discharge parameters does no t co rre la te  w ell w ith the v a ria tio n  o f 
e lec tro n  density  w ith discharge param eters,
Vladimirova e t  a l have in v estig a ted  the c o ll is io n a l d estru c tio n  
o f the 4p s ta te s  by a p e rtu rb a tio n  spectroscopy technique. In f ig . A .17 
the dependences o f the  life tim e s  o f the 4p and 4p ^05 /2  s ta te s
on discharge cu rren t and pressure  are  shown. The decrease in  life tim e  
w ith both increasing  p ressure and increasing  cu rren t im plies th a t  e lec tro n  
c o llis io n s  are responsib le  fo r the c o llis io n a l decay o f the s ta te s .
For discharge conditions appropriate to  la se r  o s c il la t io n  the c o ll is io n a l  
decay constants fo r the 4p ^0 5 /2  and 4p 2 lev e ls  are estim ated 
a t  10"G Ng s"^ and 6 x 10"? s"^ resp ec tiv e ly  where is  the e lec tro n
density  (cm“ ^). Estim ates o f 4p to 4s d e-ex c ita tio n  c ro ss-sec tio n s  by 
t  These decay constants were calcu la ted  from the  life tim es  using 
the e lec tro n  density  measurements o f Kitaeva e t  a l .  In d iscussing  the 
v a ria tio n  with discharge parameters o f the broadening due to  d e -ex c ita tio n  
i t  is  b e t te r ,  th e re fo re , to  re v e rt to  the basic  life tim e  data , since 
then u n ce rta in tie s  in  the e lec tro n  density  measurements are avoided, 
applying d e ta ile d  balancing to  the re su lts  o f Beigman e t  a l  suggests 
th a t these decay constants only depend weakly on e lec tro n  tem perature,
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changing by le ss  than 10% over the range 2 - 8  eV. For the 4p 205/2 
lev e l the con tribu tion  th a t the c o llis io n a l d estru c tio n  process makes 
to the homogeneous linew idth is  hence
Av ^ 10-13 N MHz, c e
where Av  ^ is  the f u l l  width a t  h a lf  maximum in te n s ity . Since the upper 
lev e l life tim e  changes a t  most by a fac to r  o f about two and the lower 
lev e l life tim e  dominates the homogeneous linew dith, the c o llis io n a l 
d es tru c tiv e  process has l i t t l e  e f fe c t on the homogeneous linew idth and 
hence cannot explain i t s  v a ria tio n s  w ith discharge conditions. I t  
should be pointed out th a t the S tark broadening ca lcu la tio n s  o f Griem 
and Roberts s p e c if ic a lly  exclude c o llis io n a l d e-ex c ita tio n  (neglect of 
back reaction) which must hence be considered as a separate  process.
I t  is  apparent th a t  more d e ta ile d  experimental and th e o re tic a l 
considerations of the mechanisms o f l in e  broadening fo r the argon ion 
la se r  tra n s itio n s  are requ ired  so th a t the d if fe re n t con tribu tions 
can be more r e a l i s t i c a l ly  assessed.
Bennett e t  al^^ have a lso  investiga ted  the homogeneous linew idths 
o f n eu tra l argon tra n s it io n s  in  the discharge. Observed widths on 
the th ree  Sp - 4s tra n s itio n s  stud ied  (4201%, 4259% and 4702%) were 
enormously la rg e r  than expected on the b asis  o f ra d ia tiv e  decay alone. 
Bennett e t  a l used the Griem theory o f S tark broadening by e lec tro n  
c o llis io n s  to  deduce e lec tro n  d en s itie s  from the measured homogeneous 
widths of the above n eu tra l argon l in e s , and these measurements have 
already been discussed in  sec tio n  A .3.5,
A .3.9 Level populations
The v a ria tio n s  in  the populations o f excited  s ta te s  o f Ar I and 
Ar I I  w ith conditions in  the c a p illa ry  bore o f the argon discharge 
are important in  studying ex c ita tio n  mechanisms in  the argon ion la se r .
The most extensive in v estig a tio n  to  date  is  by Gordon e t  af38,47^ but 
work has also  been ca rrie d  out by Rudko and Tang^^ and Vladimirova e t al^^,
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The d is tr ib u tio n  o f populations w ith in  an Ar I I  configuration
under discharge conditions appropriate  to  la s e r  o s c il la t io n  exh ib its
a thermal ch arac te r, making i t  po ssib le  to  define fo r each configuration  an
47 23e ffe c tiv e  " in tra -co n fig u ra tio n a l” temperature * . This temperature
v aries  from configuration  to  configuration; decreasing p rogressively  
in  going to  the higher configurations ( fig . A. 18). Even the higher 
in tra -co n fig u ra tio n a l tem peratures (e .g . 0 .5  eV fo r the 4p configuration) 
are  fa r  removed from the e lec tro n  tem perature in  the d ischarge, which 
suggests th a t i f  therm aliza tion  is  occurring w ith in  a configuration , 
i t  i s  brought about by colder species in  the  discharge ( io n -n eu tra l, 
ion-ion  c o llis io n s )  as opposed to  the  e lec tro n s.
Gordon e t al^^ and Vladimirova e t  al^^ have s tud ied  the dependence 
on discharge conditions o f the  populations o f rad ia tin g  lev e ls  o f n eu tra l 
and ion ic  argon by emission spectroscopy, and o f m etastable n eu tra l 
and ion ic  lev e ls  by the Ladenburg-Reiche absorption technique. Typical 
behaviour o f the populations o f these four c lasses  o f lev e ls  as a function  
o f discharge cu rren t is  summarized in  f ig s ,  A .19 -  A .22. The general 
conclusions th a t can be drawn about lev e l populations from these 
observations are;
( i)  Up to  the 5d configuration  the populations o f the rad ia tin g  leve ls  
o f n eu tra l argon are only weakly dependent on cu rren t d en sity , showing 
a tendency to  decrease slowly w ith  increasing  cu rren t d ensity . For 
the 5d configuration  and above lev e l populations increase w ith increasing  
cu rren t density  ( f ig . A .19).
( i i )  M etastable lev e l populations o f n eu tra l argon are only weakly 
dependent on cu rren t d ensity , again showing a tendency to  decrease w ith 
increasing  cu rren t density  ( f ig . A.20).
( i i i )  Populations o f ra d ia tin g  lev e ls  of Ar I I  are a quadratic  function 
of discharge cu rren t d ensity  ( f ig . A .21).
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(iv) M etastable lev e l populations o f Ar II  are a lin e a r  function of 
discharge cu rren t density  (f ig . A, 22),
By a consideration  o f a simple r a te  equation describ ing  the steady 
s ta te  populations o f the excited  le v e ls , Gordon e t  a l  were able to 
draw several important conclusions regarding e x c ita tio n  and re lax a tio n  
mechahisms fo r  these le v e ls . These conclusions may be summarized as 
follows;
(i)  Since the populations o f both rad ia tin g  and m etastable leve ls  
o f n eu tra l argon e f fe c tiv e ly  sa tu ra te  w ith discharge cu rren t, e lec tro n  
de-ex c ita tio n  is  the dominant loss mechanism fo r both. In  the case of 
rad ia tin g  lev e ls  i t  predominates over losses due to ra d ia tiv e  decay, 
and in  the case o f m etastable lev e ls  i t  predominates over losses due 
to  d iffu s io n  to  the w alls . These conclusions are  based on the assunption 
th a t  the e lec tro n  ten p e ra tu re , and hence also  e lec tro n ic  ex c ita tio n  
and d e -ex c ita tio n  r a te s ,  are independent of discharge cu rren t.
( i i )  The lin e a r  dependence on discharge curren t of the populations of 
both the ion ground s ta te  and the ion m etastable lev e ls  is  co n sis ten t 
w ith the m etastable lev e ls  being created  by e lec tro n  impact e x c ita tio n  
from the ion ground lev e l and being destroyed by e lec tro n  impact de- 
e x c ita tio n , In o ther words, the  populations o f the ion m etastable 
lev e ls  are  sa tu ra ted  re la t iv e  to  the  population o f the ion ground le v e l, 
in  ju s t  the same way as the populations o f the n eu tra l m etastable lev e ls  
are sa tu ra ted  r e la t iv e  to  the population o f the n eu tra l ground le v e l,
( i i i )  The quadratic  dependence o f the populations o f the rad ia tin g  
lev e ls  o f the ion on discharge cu rren t is  co n sis ten t w ith these lev e ls  
being populated by e lec tro n  impact ex c ita tio n  from the ion ground lev el 
as before, but being destroyed by ra d ia tiv e  decay. Since, l ik e  the ion 
ground le v e l, the  ion m etastable lev e ls  are l in e a r ly  dependent on cu rren t, 
the rad ia tin g  lev e ls  could equally  be created  by e lec tro n  impact ex c ita tio n  
from m etastable lev e ls  and s t i l l  show a quadratic  cu rren t dependence.
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As p a r t o f the p resen t study, the spontaneous emission in te n s i t ie s  
o f tra n s itio n s  o rig in a tin g  on 4p and 4d levels  o f the ion were measured 
over extended p ressure and curren t ranges. Spontaneous emission in te n s i t ie s  
fo r a l l  the tra n s itio n s  in v estig a ted  were found to  ex h ib it s im ila r 
dependence both on discharge curren t and f i l l i n g  p ressu re . Since the 
discharge is  o p tic a lly  th in  when viewed from the side  th is  implies 
th a t the populations o f d if fe re n t 4p and 4d lev e ls  vary in  a s im ila r 
way w ith discharge param eters. In te n s ity  v a r ia tio n  w ith f i l l in g  pressure 
a t  a fixed  discharge cu rren t o f  10 A (4 mm bore tube) is  i l lu s t r a te d  
in  f ig . A ,23, while f ig , A.24 shows the in te n s ity  v a r ia tio n  w ith discharge 
cu rren t a t  th ree  d if fe re n t p ressu res . At low pressures (< 0.05 Torr) 
the populations increase approximately q u ad ra tiça lly  w ith  cu rren t, 
but as the pressure is  increased the cu rren t dependence p rogressively  
changes u n t i l  i t  is  g rea te r  than cubic a t  the higher p ré s u re s  (0.3 T orr). , 
A summary of the basic  parameters associated  w ith the argon ion
'‘{IÎla se r  discharge is  given in  ta b le  A .5.
As may be seen from the above, in  deducing e lec tro n  density , 
e lec tro n  tem perature, e tc . from the basic  spectroscopic d a ta , various 
assumptions must be made about the discharge ( i .e .  a model o f the discharge 
must be adopted). As well as th is  the deduced parameters are o ften  
in te rre la te d . In order to  c la r i fy  the approaches adopted by the d if fe re n t 
in v es tig a to rs , two flow diagrams are  included (f ig s , A .26, A.27) which 
c o n tra s t the methods o f Kitaeva e t  a l and Bennett e t  a l ,
A .3.10 Radial p ro f ile s
Webb^  ^ has in v estig a ted  the ra d ia l v a ria tio n  of Ar I and Ar II  
excited  s ta te  populations using a novel "end-on” co llim ation  teclmique.
The p rin c ip a l conclusions th a t  may be drawn from these stud ies  are 
the following:
(i)  In  the pressure range 0 , 2 - 2  Torr the populations o f a l l  excited  
Ar I s ta te s  are fu lly  sa tu ra ted  across the whole tube diameter a t
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cu rren t d e n s itie s  in  excess o f 30 A cm"^ (A. 3 .9 ),
( i i )  In the pressure range Ô.2 - 2 Torr there is  no appreciable ra d ia l 
v a ria tio n  o f gas atom number density  or o f e lec tro n  energy.
( i i i )  At the higher pressures 1 5 - 2 0  Torr the gas atom number density  
ex h ib its  a minimum on tube ax is and there  is  a ra d ia l v a r ia tio n  of 
mean e lec tro n  energy.
(iv) Mean e lec tro n  energy increases slowly w ith cu rren t (A,3 .6 ).
(v) The Ar II  excited  s ta te s  decay by predominantly ra d ia tiv e  processes 
and th e ir  e x c ita tio n  ra te  is  quadratic  in  discharge cu rren t (electron) 
density .
A .3.11 Laser power output
The dependence o f la s e r  power output on discharge parameters may 
be summarized as follows :
(i)  S u ffic ie n tly  f a r  from the threshold  the la se r  power output (multimode, 
m u ltilin e ) increases approximately q u ad ra tiça lly  w ith discharge cu rren t. 
Close to threshold  the power output v a rie s  more rap id ly  with cu rren t.
Typical behaviour is  i l lu s t r a te d  in  f ig .  A.28. At very high cu rren t 
d e n s itie s  (> 400 A cm"^) -  h igher than can be observed in  a w ater-cooled 
quartz tube - the power output s ta r t s  to sa tu ra te  w ith resp ect to cu rren t. 
The above findings apply to  discharge tubes up to  15 mm in  bore,
( i i )  The la se r  power output ex h ib its  an optimum with respect to  pressure 
a t  fixed  discharge cu rren t. This optimum l ie s  in  the range approximately 
0.1 - 0 .6  Torr fo r c a p illa ry  diameters 2 - 4 mm (no magnetic f ie ld ) .
Optimum pressure increases slowly w ith increasing  discharge curren t 
due to  gas pumping. For JD < 100 A cm“ ^, the optimal pressure is  re la te d  
to tube bore by^^*^^
p^ ~ 0,5 LTi(Torr) (A.12)
where D is  in  mm and p^ is  the f i l l i n g  p ressure.
( i i i )  Power output per u n it  length  o f discharge a t  fixed  discharge cu rren t 
density  and optimal pressure v a ries  l in e a r ly  w ith c a p illa ry  diam eter.
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A .4 E xc ita tion  mechanisms
Numerous e x c ita tio n  pathways have been proposed to  explain the 
4p -  4s population inversions in  the argon ion la se r .  I t  is  conven­
ie n t to consider five d is t in c t  mechanisms, although in  the active 
medium e x c ita tio n  probably involves more than one o f  these mechanisms. 
The proposed e x c ita tio n  pathways may be summarized as follows 
(f ig . A. 29):
( i)  D irect e lec tro n  ex c ita tio n  from the 3p^ n eu tra l argon 
ground s ta te  to the 4p upper la s e r  lev e l (mechanism. I ) .
( i i )  E lectron e x c ita tio n  to  an interm ediate Ar I m etastable 
s ta te  (IS2- 5) followed by e lec tro n  impact e x c ita tio n  from th is  s ta te  
to  the 4p s ta te  (mechanism I I ) .
( i i i )  E lectron impact e x c ita tio n  to the Ar II  ground s ta te  
( 3p^) followed by e lec tro n  impact ex c ita tio n  from th is  ion ground 
s ta te  to the 4p s ta te  (mechanism I I I ) .
(iv) E lec tron  impact ex c ita tio n  to  the Ar I I  ground s ta te
followed by e lec tro n  inpact ex c ita tio n  to  a 4d o r h igher s ta t e ,
followed by ra d ia tiv e  cascade to the 4p s ta te  (mechanism IV).
(v) E lectron  impact ex c ita tio n  to tlue Ar I I  ground^ s t a t e ,
followed by e lec tro n  impact e x c ita tio n  to an interm ediate ion meta­
s tab le  s ta te  (4 s , 3d), followed by e lec tron  impact e x c ita tio n  to  the 
4p s ta te  (mechanism V).
Obviously combinations o f  these ex c ita tio n  processes are possib le  
(fo r example IV & V).
A. 4.1 Mechanism I :
The d ire c t  e lec tro n  impact ex c ita tio n  o f  the Ar I I  upper la s e r
s ta te s  from the n e u tra l atom ground s ta te  has been stud ied  extensively
55both experim entally and th e o re tic a lly . Koozekanani has applied  the
sudden p e rtu rb a tio n  method to  ca lcu la te  cross-sec tions as a function
59of e lec tro n  energy and V ainshtein and Vinogradov have applied Bom
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approximation ca lcu la tio n s  taking in to  account the non-orthogonality
of i n i t i a l  and f in a l  s ta te  wave functions. Bennett e t  a l^^ , Hammer
57 58and Wen and Feltsaw and Povch have measured the c ross-sec tions
experim entally by in v estig a tin g  the spontaneous emission rad ia tio n  
from argon gas ex c ited  by mono-energetic e lec tro n s. In the experi­
mental methods allowance must be made for cascade con tribu tions - i . e .  
d ire c t e lec tro n  impact e x c ita tio n  to  4d or 5s s ta te s  followed by 
ra d ia tiv e  ca^scade to the 4p s ta te .
Values obtained by d if fe re n t  inv estig a tio n s are compared in  
tab le  A.6, where the cross-sec tions quoted are those corresponding to  
the peak in  the e x c ita tio n  curve. Below th e ir  peak values the cross- 
sections vary approximately l in e a r ly  w ith e lec tro n  energy and th e ir  
behaviour may be summarized by the expression
Q(E) = QCpealc value) x (E -
where E^^ is  the th resho ld  energy fo r d ire c t  e x c ita tio n  and is
the energy corresponding to  the peak in  the e x c ita tio n  c ro ss-sec tio n .
The behaviour w ith  e lec tro n  energy o f the ex c ita tio n  cross- 
sections fo r  doublet s ta te s  is  con trasted  w ith th a t  fo r q u a rte t s ta te s  
in  f ig ,  A. 30.
As a consequence o f the large  e lec tro n  energy required to  reach 
tlireshold in  the d ire c t e x c ita tio n  process (35eV) compared to  the mean 
e lec tro n  energy in  the cw la s e r  d ischarge, the d ire c t  e x c ita tio n  process 
makes a n eg lig ib le  con tribu tion . I t  i s  however much more s ig n if ic a n t 
in  the case o f the pulsed  argon ion  la se r .
A .4.2 Mechanisms II-V
In considering these e x c ita tio n  mechanisms, e x c ita tio n  ra te s  
fo r the fbllQwing processes are required
(a) Ar + e Ar [metestable) + e
(b) Ar + e Ar^ + e
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(c) At (metastable) + e -> Ar^ + e
4.*(d) Ar (metastable) + e Ar + e
(e) Ar^ + e Ar^ (metastable) + e
(£) Ar^ + e ->■ Ar^ (4p, 4d e tc  ) + e
(g) Ar^ (metastable) + e ^ Ar^ (4p, 4d e tc  ) + e
The various proposed e x c ita tio n  mechanisms are d iffe re n t combinations 
o f  the above processes.
Webb has analysed e x c ita tio n s  and c o llis io n a l d es tru c tio n  ra te s  
fo r  the 152-5 m etastable (and quasi m etastable) leve ls  o f  Ar I 
(processes a & c ). His findings are summarized in  f ig .  A.31, where 
i t  may be seen th a t  the predominant loss ra te  from these lev e ls  fo r 
e lec tro n  energies above about leV is  through io n iza tio n  (process c ) . 
Also shown in  f ig . A.31 i s  the to ta l  population o f a l l  152-5  Ar I 
lev e ls  (expressed as a f ra c tio n  o f the n eu tra l ground s ta te  population) 
deduced from these ra te s .  This should be conpared w ith  f ig .  A.20 
which shows the population o f the Is  5 lev e l as a function of current 
density  as determined by a l in e  absorption technique. The experi­
mental values are co n sis ten t w ith ca lcu la ted  values i f  an e lec tro n  
temperature of l.§^ eV is  assumed fo r the discharge conditions 
appropriate to  f ig .  A.20 (2mm bore, 0.45 T o rr) . I t  should be 
enphasized th a t the I s 2 .^ 5 populations sa tu ra te  w ith cu rren t a t very 
low c u rre n ts , and th a t  the sa tu ra ted  values are very se n s itiv e  to 
e lec tro n  temperatures ( f ig . A .31). Since m etastable d es tru c tio n  is  
due predominantly to  io n iz a tio n , the production ra te  fo r argon ground 
s ta te  ions v ia  m etastable s ta te s  is  equal to  the m etastable production 
ra te .
I t  is  now necessary to  compare the two s tep  production process 
fo r argon ions w ith  tlie s in g le  s tep  process ( c ) . The c ro ss-sec tio n  
fo r th is  process has been measured by Bleakney (19 30)^^, and ju s t  
above threshold  (IS. 7 < < 4SeV) may be approximated by
A. 33
7(Eg - 15.7] X 1 0"^3 cni^  where is  the e lec tro n  energy (eV).
Assuming a Maxwellian e lec tro n  v e lo c ity  d is tr ib u tio n  d ire c t 
ex c ita tio n  ra tes  have been ca lcu la ted  from th is  c ro ss-sec tio n  as a 
function o f e lec tro n  temperature and these also  are shown in  f ig . A .31. 
I t  may be seen th a t fo r the e lec tro n  temperature range l-3eV th e  d ire c t  
io n iza tio n  ra te  i s  a t  le a s t  an order o f magnitude le ss  than th a t 
through the IS2-5  m etastab les. Although e x c ita tio n  o f the ion 
ground s ta te  is  therefo re  predominantly a two step  process, i t s  
population is  s t i l l  expected to  be a l in e a r  function o f discharge 
curren t since the in tem e d ia te  populations (IS2-5  m etastables) are 
sa tu ra ted  re la tiv e  to  the n eu tra l ground s ta te .  The approximately 
lin e a r  dependence of e lec tro n  density  (and hence ion density) on 
discharge current th a t i s  observed experim entally is  consis ten t with 
th is  ex c ita tio n  mechanism fo r  the ion ground s ta te .
E xc ita tion  processes from the ion ground s ta te  e i th e r  d ire c tly  to 
the 4p upper la s e r  lev e ls  or through in tem ed ia te  s ta te s  are now 
considered.
Beigman e t  al^^ (1967) have ca lcu la ted  in  the Bom-Coulomb 
approximation pumping ra te s  between the argon ion configurations, and 
th e ir  ca lcu la tions are i l lu s t r a te d  by f ig .  A.32 (a ) , which shows 
absolute ra te  co e ffic ien ts  (<av>) calcu la ted  fo r  two e lec tro n  
tem peratures, and f ig .  A.32 (b ) , which shows re la t iv e  ra te  co e ffic ien ts  
fo r the same two e lec tro n  tem peratures. The values quoted re fe r  to  
e x c ita tio n  to  a l l  th ree  core s ta te s  (3p, and ^S) and the ex c ita tio n  
ra te s  fo r the (3p) core are approximately 0 .6  o f the quoted values.
Also, the co e ffic ien ts  re fe r  exclusively  to  the doublet t e m s in  the 
configuration since pure L-S coupling has been assumed. In order to  
detem ine the pumping ra te  per u n it s t a t i s t i c a l  w eight, the c o e ffic ien ts  
should fu rth e r be divided by 6 fo r  the 4s configuration  and 18 fo r the 
4p configuration , these being the to ta l  s t a t i s t i c a l  weights associa ted
A .34
w ith a l l  doublet lev e ls  in  the 4s and 4p configurations resp ec tiv e ly . 
Using the pumping ra te s  o f Beigman e t  al^^ and th e ir  own measurements 
o f e lec tro n  temperature and e lec tro n  d ensity , Kitaeva e t  al^^ have 
calcu la ted  populations (per u n it  s t a t i s t i c a l  weight] fo r the 4s and 
4p configurations as a function of discharge param eters. In tliese 
ca lcu la tions allowance was made fo r  rad ia tion  trapping e ffe c ts  
between the ion ground s ta te  and 3d s ta te s  as w ell as 4s s ta te s .  The 
ca lcu la tio n s  are summarized in  tab le  A. 8 and are discussed more fu lly  
in  d iap ters  3 and 5.
Brandi^^ (1972) has in v estig a ted  th e o re tic a lly  the d is tr ib u tio n
of populations between the d if fe re n t 4p leve ls  a r is in g  from d ire c t
e x c ita tio n  from the ion ground s ta te  (process f ) , assuming the
discharge parameters (e lec tron  tenperatu re  and density) reported  by
Kitaeva e t  a l .  The re la t iv e  pumping ra te s  fo r  the 4p s ta te s  are
shown in  tab le  A. 7, where i t  may be seen th a t in  general pumping
ra te s  to  the q u arte t 4p s ta te s  from the ion ground s ta te  are a
fa c to r  o f 2-3 g rea te r  than those fo r  the doublet s ta te s .  This is
65contrary  to  the findings of Beigman e t  a l , who estim ated th a t 
pumping ra te s  to  the q u a rte t 4p s ta te s  d ire c tly  from the ion ground 
s ta te  were a fa c to r  o f 5-10 le s s  than those to  doublet s ta te s .
Since pumping ra te s  to  ind iv idual 3d, 4d, e tc . s ta te s  have not 
been ca lcu la ted , i t  i s  no t possib le  to  compare in  d e ta i l  the d ire c t 
ex c ita tio n  process from the ion ground s ta te  w ith processes involving 
interm ediate s ta te s .  Further i t  i s  not possib le  to  decide between 
tlie d iffe re n t e x c ita tio n  processes on the b asis  of the current 
dependence of the 4p populations. This is  because the interm ediate 
m etastable s ta te  populations are sa tu ra ted  re la tiv e  to  tlie ion ground 
s ta te  (see §A.3.9), and hence lik e  the ground s ta te  population increase 
l in e a r ly  w ith discharge c u rre n t. For both d ire c t and in d ire c t 
ex c ita tio n  processes a quadratic  dependence of 4p populations on 
discharge curren t is  to  be expected.
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The e x c ita tio n  process involving rad ia tiv e  cascade from above 
(process IV) has been in v estig a ted  experim entally by Rudlco and 
Tang^^*^^. By comparing the to ta l  spontaneous emission in te n s ity  
o f tra n s itio n s  term inating on a 4p s ta te  with the to ta l  spontaneous 
emission in te n s ity  of tra n s it io n s  o rig in a tin g  from th a t s ta te ,  the 
re la t iv e  pumping due to  cascade from above may be determined. For 
example, 50% o f the 4p s ta te  population appears to  be due to
cascade from above. Since the populations o f the s ta te s  (4d, e tc .)  
from which cascade pumping talces place also ex h ib it a quadratic  
curren t dependence (see §A .3.9), the o v era ll cascade pumping process 
i s  expected to lead to  a quadratic  current dependence fo r the 4p 
populations and thus cannot be d istingu ished  from the o ther proposed 
ex c ita tio n  processes. The con tribu tion  of cascade from above to  the 
pumping q f various 4p s ta te s  is  summarized in  tab le  A. 7.
Pumping processes from n eu tra l argon m etastable lev e ls  e i th e r  
d ire c tly  to  the 4p s ta te s  (process I I)  o r v ia  m etastable ion s ta te s  
(but not th e  ion ground s ta te )  have not been in v estig a ted  th e o re tic a lly . 
I t  has been suggested (Borisova e t  a l 1967) th a t  the magnitude of 
the ion ax ia l d r i f t  v e lo c ity  im plies tlia t the io n ic  s ta te  must e x is t  
fo r  a t le a s t  10‘"? sec and th a t th erefo re  the ion ground s ta te  must 
be involved in  the e x c ita tio n  process. In view o f the considerable 
uncerta in ty  regarding ion ax ia l d r i f t  v e lo c i t ie s ,  th is  conclusion 
must be tre a te d  witli some caution. Koozekanani^^ has compared 
d ire c t ex c ita tio n  from n e u tra l argon m etastable s ta te s  (process II) 
witli d ire c t e x c ita tio n  from the ion ground s ta te  (process I I I )  , and 
finds the ra t io  of the former to  the l a t t e r  to  be
0 .8  X 1 0 -2  <o^^(E)v>
NT '
where is  the n eu tra l argon m etastable d ensity , tlie ion den sity , 
a^^(B) the c ro ss-sec tio n  fo r  removal of the m etastable e lec tro n , and
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the c ro ss-sec tio n  fo r process I I I .  The n e u tra l m etastable atom 
has a c ro ss-sec tio n  about a fa c to r  of 10 la rg e r  than th a t of the ion 
ground s ta te .  The to ta l  n eu tra l m etastable population under ty p ica l 
operating conditions has been shown to  be o f the order of 3 x lOd^ cc“  ^
whereas the ion ground s ta te  density  is  of the order of 3 x 10^3 
(see A.3 ,5 ) , and so the advantage o f la rg e r  c ro ss-sec tio n  is  o f fs e t  
by an adverse population r a t io .  A lso, the energy gap involved in  
e x c ita tio n  from the n eu tra l m etastable s ta te s  is  s ig n if ic a n tly  la rg e r  
thqn th a t  associated  w ith ex c ita tio n  from the ion ground s ta te ,  which 
means th a t even fewer of the high energy e lectrons can p a r t alee in  
the process. I t  would appear, th e re fo re , th a t d ire c t e x c ita tio n  from 
n eu tra l m etastables is  not s ig n if ic a n t.  This is  borne out by the 
observed curren t dependence of the 4p populations - d ire c t  ex c ita tio n  
from n eu tra l m etastable s ta te s  im plies a lin e a r  dependence o f 4p 
population on cu rren t, since the m etastable populations are sa tu ra ted  
w ith respect to  cu rren t.
The s ign ificance  o f the d iffe re n t ex c ita tio n  mechanisms in t ro ­
duced here is  discussed fu lly  in  the context of chapter 5.
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Wavelength in  a i r  Désignation
A
4371 (iD) 4p 2iP3/2 -  3d 2D3/2
4482 4p E^Ps/ 2  - 3d
4545 4p - 4s 2P3/2
. 4579 4p 2^ 1/2  -  4s 2P i /2
4727 4p 2D3/2 -  4s ZPg/g
4765 4p 2P3/2  - 45 ZPi/2
4880 4p 2D5 /2  " 4s 2P3/2
4889 4p 2p?/2 - 4s 2Pi/2
4965 4p 2D3/2  -  4s 2P i /2
. 5017 (ID) 4p ap%/2 - 3d 2D3/2
5142 (ID) 4p 2p°/2 -  3d 2D5/2
• 5145 4p '•D§ /2  -  4s 2pg/ 2
5287 , 4p ‘•0 3 ,2  -  4s 2p ;y 2
1 .09y^ 4p 2p^2 - 3d 2D5/2
CW la se r  tra n s itio n s  in  Ar I I
(All lev e ls  have a core except where 
otherw ise indicated)
Table A .l
T otal 5
For decay Radiative Pumping i
to  a l l  Lifetime ra te  to ■ ^ V 3d s ta te s  Populatioa , 4p s ta te  i
C^?4p Æ  A x l O- «  4P s ta te  o f  4p s ta te  !
s ta te  s ta te  sec"  ^ sec"  ^ x 10® sec xlO '®  cc" '  pumping cc"  ^ s"  ^ t
®Ps/2  ‘‘P3/2  15 6 8 24% 14 '
‘‘Ps/ 2  83 71
“P 3 / 2  "P i/ 2  22
‘‘P 3/2 15 34 6 6 19% 9
“P5/2 61
“P i /2  “P1/2 9.7
®Pa/2  86.5
“D5/2  2P3/2 9.2
70 6 2 13% 3.5
®D?/2  ®Ps/2  135 20 6 7 31% 10
18
117
C9.1)
2.0
0.4
4p 4s ^mn 3d Lifetim e Popri Cascade P
^Pl/2 ZPl/2 13 0,7 9 1 4% 0.6
^Ps/2 86 (8.7)
%Pl/2 45
ZP3/2 52 9 3 14% 1.2
“P 3/2 0 .7 (9.4)
“P5/2 0:9
"Ss/z ^Pa/2 1
^Pl/2 , 43 1 5 3 17% 5
“P3/2 69
"Ps/2 85
^Sl/2 ZPl/2 90 7 1 4% 1.5
^Ps/2 23 (8.8)
TABLE A.2. Columns 3 and 4: T ransition p ro b a b ilitie s fo r 4p to 4s and 4p to  3d
tra n s itio n s  in  Argon I I .
Columns 5 ,6 ,7 ,8 : R adiative life tim e s , populations and pumping ra te s  fo r
4p states2i*23^ The life tim es  shown in  bradcets in  column 5 are those measured by 
Bennett e t  a l^? .
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Upper 
(3P) 4s S ta te
Lower (3p) 3p 
S ta te
^Pa/2 'P 3/2 2.3
ZPl/2 0.4
“P3/2 ^Pa / 2 0.030
■ =Pl/2 0.006
ZP3/2 0.9
ZPl/ 2 1.8
"P l/2 "P3/2 0.004
:P i /2 0.007
Radiative ■^ Lifetim e of
4s s ta te  x lO^sec
0.4
27
0.4
90
Table.A .5 T ransition  p ro b a b ilit ie s  and ra d ia tiv e  life tim es  
fo r (3p) 4s s ta te s  in  Argon 11^^
r^P)4d » decay
s ta te  * x lO -«  sec i ^ ® ^ 10' ‘ ^
“D7/2  2.5 3 (‘‘Ps/p.) 5 2
“*05/2  2.5 l.TC'tPj/p) 3.4 1.4
1.6(4pg/2)
‘*1)3 / 2  2.5 2 . 2 (‘*P3/ 2) 2.5 1
“D1/2  2.5 2.5(*'Fi/2) 0.2 0.1
‘'F3/2  2.5 3.9(4D7/2) 4.3 1.7
‘•F7/2  2.5 3 . 6 C‘*D5 / 2 ) 4.3 1.7
4Ps/2 2.5 3.0C‘*D3/2) 2.5 1
‘‘F3/2 2.5 1 . 8 C‘*Di/2) 1.1 0 .4
'*?l/ 2  2.4 2 .0 (‘*P3/2) 0.5 0.2
‘‘P3/2 2.5 l.lC ^Sg/p) 1.2 0 .5
'T 3/2  2.5 l.SC^Sg/p) 2 .0  0.8
ZPy/p 2.5 3 . 9 (205 / 2) 2.2 0.9
zps/p 2.5 3 . 4 (203 / 2) 1.9 0 .8
ZPl/2  2.1 3 .4(2P i/2) 0 .1  0.03
2Pg/2 2.1 l,7(2Pg/2) 0.1 0.07
2D5 /2  1.7 4 . 4 (ZPa/2) 0 .1  0 .0 5
203/2  1.7 1 .8(2Si/2) 0.1 0.05
Table A .4 L ifetim es, tra n s it io n  p ro b a b ili t ie s ,  populations and pumping ra te s  fo r
2 3the 4d s ta te s  of Argon IX .
(*Against decay to 4p s ta te s  only)
Parameter Source
Lifetim es 4p le v e ls : 6-9 ns
4s q u a rte t lev e ls  (^ P s /a ^ i/a )’ 30-90 ns
4s doublet (2P3/2  1/ 2) :  0*4 ns 
4d lev e ls : 2.5 ns
21,23,
24,27
T ransition
p ro b a b ilitie s
4p 'd o u b le t,q u arte t)  4s (doublet, q u a r te t) : !  - 10 x 10?s"i 
4d 4p: 1 - 4 X lO^s""^
1
21,23 {
!
4s (quarte t) ^ ion ground s ta te :  4 - 30 x lO^s""  ^
4s (doublet) ion ground s ta te :  2 x lO^s-i
24 1
Populations 4p lev e l: 2 - 8 x 10^cc~^ (0.3 Torr,D = 2 mm, 160 A cm“^) 
4d lev e l: 4 x lO^cc"*  ^ (0,3 Torr, D = 2 mm, 160 A cm~^) 2.3 1
Gas Temperature 200c K (160 A cm“2, D = 2 mm) i
Increases w ith increasing  curren t
Independent o f p ressu re  in  range 0 .1 -0 .6  Torr 29,39 !
Tg/300 = 1 + 0.02 J (A cm“2) {D(mm)}  ^ , y 33,38 :
Gas Density N^(cc--i) = 10i9.p^(Torr)/T^(°K)
where p^ is  f i l l i n g  pressure  and T  ^ gas temp during operation 33,38
Io n /e lec tro n 2.5 X lOd^cc"! (0.4 Torr, D = 1.6 mm, 200 A cm“^ 29
Density Ng(cc“ i)  = K J  (A cm" 2) p^ (Torr) D(mm) 33
where K =1.6 x 10^  ^(Kitaeva e t  a l) 29
= 1,7 X lOdi (Gordon e t  a l) 38
= 2.7 X 10^ ^(Pleasance and George) 40
= 2.0 X 10i2(Sze and Bennett) 50
Parameter Source
E lectron D rif t 
V elocity  (ax ial)
v(cm s~l) = 3,7/{p^(Torr) D(mm)} (Gordon e t  a l) 38
Atom/Ion Mean 
Free Paths (A^/A^
A^ (mm) 'v A^ (mm) ~ 0.05 (T^/300)/p^(Torr) 33
Ion Temperature T  ^ 'v 1.5 X (gas temperature)
(along axis) (1\) S im ilar dependence on discharge parameters 29
Electron Increases w ith decreasing pressure 31,35
Temperature (T^) Current dependence uncertain  36,38,50
T 3 X 104 °K (0.5 Torr, D = 2 mm, 160 A cm"2)
Atom/Ion D rif t  Discrepancies between in v estig a to rs
V elocities  Atom d r i f t  v e lo c itie s :
Kitaeva e t  a l :  7 x; lO^cm s“ ^(0o5 Torr, 160 A cm” D » 2.8 mm) 30,41
Bennett e t  a l :  undetectable 39
Ion d r i f t  v e lo c itie s  ( a x ia l) :
Bennett e t  a l:  16 x lO^cpis*  ^1(0.5 Torr, 200 Acm“ ,^ D = 2 mm) 39
Kitaeva e t  a l :  16 x 103cms"i(0.5 Torr, 200 A cm" D = 1.6 ram) 30
5 X lO^cm s“ i(0 .5  Torr, 200 Acm"^, D = 2.8 mm) 41
Parameter Source
Populations Ar I (radiating} : decreases slowly w ith increasing  cu rren t 38
At I (m etastab le): decreases slowly w ith increasing  cu rren t
Discharge (ls5 , 3.5 X 10iicc~i fo r 0.45 T o rr,100Acm^^,D= 2.0mm) 38
Parameters Ar I I  (rad ia tin g )(4 p ,4 d ): quadratic  function o f discharge
curren t a t  low pressu res , cubic function  a t  high 
p ressu res .
'
D is trib u tio n  o f populations w ith in  a configuration  is  
theraial.
Show maxima in  v a r ia tio n  with p ressu re , peaking a t
0.05-0,07 Torr (100 A cm"^, D = 4 mm) 38,48
Ar I I  (m etastable): l in e a r  function o f discharge cu rren t 
3d 4pg/2, 4.5 X lOlOqc-i, fo r 200Acm"^, 0.45 Torr
D = 2 mm) 38
Axial E le c tr ic X (vo lts  cm“ i) = 12 .3/D (mm) •
F ield Only weakly dependent on cu rren t and pressure 33
Debye Length A^(cm) = 7 X 102 Tp(eV)/{N (cm"3)}* 52
E lectron Mean 
Free Path
e le c tro n -n e u tra l:
'v (3/p^ E^)(T^/300)
where is  e lec tro n  energy (qV) 
e lec tron -ion :
51
52
Table A .5 Summary o f discharge parameters
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S ta te Pumping Rate % cascade
(3p) core (a rb itra ry  u n its) pumping
4Ps/2 1.7 24%
"P3/2 0.5 19%
"Pj/2 0.7 13%
^^7/2 0 31%
"D5/2 1.8 18%
4D3/2 0.4 19%
4Di/2 0 .3 18%
2Ds/2 0.5 27%
=03/2 0.2 33%
2Pl/2 0.5 4%
:P3/2 0.1 15%
'S 3/2 1.0 17%
^Si/2 0.3 4%
Table A ,7
(a) R elative pumping ra te s  (<a(E^ v >) fo r 4p lev e ls  by process 
I I I  (Brandi®^)
(b) Percentage cascade pumping in  2 mm bore tube, f i l l i n g
23pressure 0 .3  Torr, cu rren t 5 A (Rudko and Tang )
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Figure A.2 Energy le v e ls  o f Argon II»
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Figure A.3 Cas temperature (K) as a function of discharge curren t ’ .
(A an"'^). Cs Kitaeva e t  (0.1 - 0,37 Torr, 1.6 mm bore)
Bennett e t  a l (Q.2 1.5 T orr, 2 mm bore) 33—— C hester 's  em pirical formula^ (2 mm b o re ) .
Figure A.4 Ion temperature (K) as a function o f  discharge curren t
(A cjin“^'). m K itaeva e t  al^^ (0.1 - 0.37 T orr, 1.6 mm bore) 3Q© Bennett e t  a l ' ' (0.2 - 1.5 Torr, 2, mm bore).
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Figure A.5 E lectron density  (cm”^) as a function o f  discharge cu rren t
(A cVn"' )^. © Sze and B e n n e (0.2 T orr, 2 mm b ore),
29 37•B? Kitaeva e t  al" as deduced from e lec tro n  temperature29 -measurements (1.6 mm b o re), x Kitaeva e t  al ' as deduc.;t.
' from Stark broadening (0,4 Torr, 1.6 mm b o re ) .
Figuï'e A.6 E lectron density  as a function o f discharge c u rre n t,
Labuoa e t  a l " ' ,  e 10 T orr, Torr, % 2 Torr,
o 1 Torr (2 mm b o re ).
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Figure A.-7 E lectron density  (cnC^) as a function o f discnarge cu rren t 
(A . Pleasance and .G eo rg e (2 m n  b o re ) .
Figure A. 8 E lectron  density  ( a i r 5) as a function o f  J  p (A cnr^ Torr)38 - o 40o Labuda. e t  a l (2 mm b o re ) , © Pleasance and George7Q 37 '(2‘ iiiiii b o re), m Kitaeva e t  a l  ’ ' (1.6 mn bore)-.
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Figure A.9 Electron temperature ( ÎC ) as à  fonction of discharge curj^ht n ■ ■( A on* ) with pressure as parameter, ( Torr ),
5( Labuda e t a l .  ^  ( 2 irai bore )BOO Sze end Bennett ( 2 mm bore )
0  Kitaeva e t al*^^* ( 1,6 nsn bore )
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Figure A.10 E lectron temperature (T ., eV) as a function o f the ■
pm dhct of discharge tube f i l l i n g  pressure (p Torr) %
with tube bore (D, mm) at, constant cu rren t, ü ' 2 mm bore38 'o 3 inm bore. Labuda e t  a l.
Figure A. 11 Axial d ra f t  v e lo c ity  (cm/s) o f e lec tro n s  as a function 
of the inverse o f  tlie f i l l in g  pressure (p Torr) tub 
bore (D, mm) .product. #  2 mm bore , ' o 1,2  mm bore.
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Figure A.13 Axial d r i f t  v e lo c ity  of ions (cm,s“^ ) 'a s -fu n c tio n
o f cu rren t density  ( J ,  A cm” ^ )'. 2.8 mm bore.
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Figure A, 14 Comparison o f ion. d r i f t  v e lo c ity  (cm s measurements39by various in v estig a to r;:. © B allik  e t  a l (2 mm bore,
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Figure A, 15 Homogeneous lin e  widths a t 4765% (©, Bennett^^, 2 mm borel
and 4348% ( B Webb and M iller^^ , 3 mm b o re ), Current 
density  approximately 150 A cm~^  .
Figure A.16 V ariation o f homogeneous width (Miz) o f 4765% lin e  with
discharge curren t [A a i r ^ ) . © .— © 0.2 Torr 2 mm bore
X — % 0.5 Torr 2 mm bore. (Bennett e t .a l^ ^ ) .
Figure A.17 Dependence of lev e l life tim e  (a rb itra ry  im its) on
. (a) discharge curren t (A cm"'^  ) a t constant pressure . 
0 .7  Torr, and (b) pressure (Torr) a t constant curren t
10 A. 2 mm bore 4p 0 4p59(Vainshtein and Vinogradov )
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Figure A.18 Population per u n it s t a t i s t i c a l  weight per u n it volume (cm" 3) o f lev e ls  in  various A ril configurations a s .a  function 
of energy (eV) above ion ground s ta te .  (Rudko. and Tang^^) .
Figure A. 19 Populations o f Arl rad ia tiv e  tra n s itio n s  as a fim ction of 
discharge cu rren t (A cm~^). x 5d (6719?.), i;j Sd (6827a) ,© 6s (7206a), o  4p. F ill in g  pressure 0,7 T orr, 2.5 mm bore. ■ (Vladimirova e t  al^S ). The dashed lin e  .re fe rs  . fo measurements 
made by Labuds et. al^O.
Figure A.20 Population of the I s 5 lev e l o f Arl (cc"i) as a function' o f discharge cù rrèn t (A cm"^), F illin g  p ressure 0.45 Torr, 2 mm bore (Labuda et^ al^P ). ; ,
Figure A.21 Populations o f  5s, 4 d ,4 p  lev e ls  o f  A ril (a rb itra ry  u n its)  
as a fuiiction of the square of discharge curren t (A^  cc"%).F illin g  pressure 0.45 T orr, tube bore 2 mm. (Labuda e t  al^O).
Figure A.22' Population of 3d level of A ril (cc"^) as a. fim ction
of disc 'large curren t (A cm"*). F illin g  pressure 0.45 Torr, 
tube bore 2 mm. (Labuda e t  -al^ ) .
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Figure A.23 Populations o f various 4p levels  o f  A ril (a rb itra ry  u n its)as .a function of f i l l i n g  pressure (m T o rr), and B/p^ (V ciir^ Torr""'' value as a function o f f i l l i n g  p ressure . ..Discharge curren t 10 A 
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Figure A.24 Pvtensity  v a ria tio n s  o f three A ril l in e s  w ith discharge, current over a range o f approximately 3 - 1 5  A ,for each p ressu re , 
in  a 4 mm bore tube.
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Figure A.38 Laser power output as a function of discharge current 
( f i l l in g  pressure 0,1 Torr, bore 5 mm, )
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'Figure A.29 E xc ita tion  pathways for. 4p ^states o f A ril,
Figure A.30 The v a ria tio n  with electron .energy  o f the ex c ita tio n  • 
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Figure A.31 The v a ria tio n  witli e lec tro n  tem perature, (T^) o f
(a) the e x c ita tio n  ra te s “^) tô the I s g g  S tates
o f A rl, (b) the io n iza tio n  ra te  (cm  ^ s from tlie Arl 
ground S tateJ (c) the io n iza tio n  rafe  (cm^.s"^) from 
the l s ^„5 s ta te s ,  (d) the d é-ex cita tio n  ra te  (cm  ^ s “- ) . 
from the l s 2_s s ta te s  to the ground s t a t e , and (e) the 
f ra c tio n a l population of the IS2-5  s t a t e s . . The ex c ita tio n  
ra te  is  fo r a l l  the l s %_5 s t a t e s , whereas the de-excita tion  
ra te  and io n iza tio n  ra te  re fe r  to only one o f the s ta te s .  
The population is  th erefo re  tlie to ta l  population o f a l l  
the l s 2_s s ta te s .  (A fter Webb) , ,
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Figure A. 52. Excitation ra tes  ( ^  between various configurations
in  Argon II# (a) The numbers give the excita tion  ra te s  in  un its  of
10"^° cm3 .-1 ,s Î the unbracketed niMbers re fe r  to  an electron temperature
of 50jCX)0IC and those in  bradcets to  an electron temperature of 
80,000K. Beigmen e t a l.^ ^  (b) As in  (a) but normalized on the
3p « 4p transition# '
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APPENDIX B
FLOW GRAPH TECHNIQUES
B.2
B.1 In tro  duct ion"T.----- - - - - - - -- -----------
Flow graph techniques are widely used in  the analysis  of
1 2e le c tr ic a l  microwave c i r c u i ts  (eg Mason, 1953 ; Hun ton , 1960 ; 
Robichaud e t  a l ,  1962^; Kuhn, 1963^; Adam, 1969^). Here we show 
how they can also  provide a convenient method fo r describ ing 
e x c ita tio n  and decay processes between energy lev e ls  in  complex 
systepis, such as gas d ischarges. Under these circum stances, 
so lu tio n  of the flow graph enables populations to  be determined in  
terms o f the coupling processes between le v e ls . The flow graph 
teclinique i s  p a r t ic u la r ly  convenient in  .th is  context since i t  allows 
the population o f a p a r t ic u la r  le v e l in  a m u lti-lev e l system to  be 
ca lcu la ted  d ire c tly  ra th e r  than by the  elim ination  o f unwanted 
populations from a se t o f coupled ra te  equations. Also, changes in  
populations brought about by the  v a ria tio n  of a p a r tic u la r  e x c ita tio n  
o r decay mechanism can re ad ily  be ca lcu la ted . The c le a r  d isplay 
which tlie method gives fo r the various processes which determine the 
population o f an energy lev e l enables the magnitude of a given con­
tr ib u tio n  to  be assessed read ily  and the so lu tion  to  be approximated 
to  the requ ired  order as the an aly sis  proceeds.
We f i r s t  describe the construction  o f flow graphs to  represen t 
the population dynamics o f  m u lti-lev e l systems and then stnnmarize 
the w ell known topographical and an a ly tic a l methods fo r the so lu tion  
o f the re su ltin g  flow graphs showing how they y ie ld , in  th is  case, 
the lev e l pppulations requ ired .
B.2 Construction o f the Flow Graph
Each energy le v e l i s  represented  by a node in  the flow graph 
o f the system. A p a r t ic u la r  coupling process between a p a ir  of 
energy lev e ls  is  represented  by a branch in  the flow graph connecting 
the corresponding nodes. Pumping (or decay) processes to  the leve l
B.3
system from lev e ls  no t e ;xp lic itly  considered are represented by open 
ended branches term inating (or o rig in a tin g ) on the appropriate nodes.
Consider the simple two lev e l system i l lu s t r a te d  in  f ig .  B .la .
The two lev e ls  are pumped from unspecified  sources a t  ra te s  R] and Rg 
as shown. The upper lev e l (1) can e ith e r  decay to  the lower lev e l (2), 
o r to  unspecified  lev e ls  outside the system, w ith p ro b a b ilit ie s  f j 2. 
and f 10» resp ec tiv e ly . These p ro b a b ilit ie s  are c o e ffic ie n ts  c a lled  
branching r a t io s .  The lower lev e l decays only to  unspecified  lev e ls  
outside, the system, and so the value of fzo is  u n ity . The flow graph 
o f th is  simple system is  i l lu s t r a te d  in  f ig .  B .lb . The pumping 
processes are represented  by the open ended branches of value Ri and 
Rg term inating on the nodes 1 and 2 which represen t the respective 
lev e ls . Hie coupling process between the two lev e ls  is  represented 
by the branch from node 1 to  node 2 o f value f i 2 * F in a lly  the decay 
processes to  le v e ls  ou tside the system are represented by open ended 
branches o f value f^o ^ d  fgg, from the appropriate nodes.
An open ended branch represen ts an ex ternal source (pumping 
process) or sink . Hie value to be given to  an open ended branch
entering  a t  a node o f  the flow graph system is  th a t  o f a r a te .  A
branch between nodes is  given the value of a branching r a t io .  An 
open ended branch leaving the system a t  a node i s  a lso  given the 
value o f a branching r a t io  according to  the process i t  rep resen ts.
Once the flow graph has been constructed i t  must be manipulated 
in to  a form su itab le  fo r  ca lcu la tin g  the population o f in te re s t .  To 
do th is ,  the to ta l  pumping ra te  in to  the level is  determined by
evaluating the various paths in the flow graph which connect the lev e l
to the ex terna l punping processes. The product o f the to ta l  pumping 
ra te  w ith the le v e l life tim e  then gives the population of the le v e l. 
E ither topographical o r a n a ly tic a l tecliniques may be used in  the 
manipulation of the flow graph. The topographical method i s  b e t te r
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fo r re ta in in g  a physical p ic tu re  o f the process but is  longer than 
the an a ly tic a l method. The topographical method w ill  be described f i r s t  
and w ill then be used to  solve the simple flow graph in  f ig .  B .lb .
B.5 Topographical Method o f Solution
The use o f topographical methods fo r  the so lu tio n  o f flow graphs 
has been discussed by Kuhn, 1963^. A flow graph co n sis ts  of a network 
of branches and nodes. The value to  be assigned to  a branch i s  th a t  
o f a pumping r a te  or a branching r a t io .  For the purposes of describ ing  
tlie ru les  fo r solving flow graphs, we sh a ll use the term ’c o e ff ic ie n t ' 
to  mean pumping ra te  or branching r a t io .  There are four bas ic  ru les  
fo r solving flow graphs.
Rule 1 A node which has only one branch en tering  i t  and one branch 
leaving i t ,  may be elim inated by replacing the two branches w ith a 
sing le  branch whose c o e ff ic ie n t i s  the product o f  tlie c o e ffic ien ts  of 
the o r ig in a l two branches ( f ig . B.2a).
Rule 2 Two branches in  p a r a l le l  en tering  one common node may be 
combined in to  a s in g le  branch whose c o e ffic ie n t i s  the  sum of the 
co e ffic ie n ts  o f the two branches ( f ig . B.2b).
Rule 3 I f  a node has a se lf- lo o p  (ie  a branch which begins and ends 
on th a t  node), a se lf- lo o p  may be elim inated by d iv id ing  the co e ffic ien ts  
of every o ther branch en tering  th a t  node by (1 -  S^^), where is  the 
c o e ffic ie n t of the se lf-lo o p  (f ig . B.2c).
Rule 4 A node may be s p l i t  in to  two nodes, which are subsequently 
tre a te d  as separate nodes, provided the re su ltin g  flow graph contains 
once, and only once, every combination o f separate  input and output 
branches th a t connect to the o r ig in a l node. In s p l i t t in g  the node, 
each o f the two nodes must have a t  le a s t  one input and one output 
branch. I f  the  o rig in a l node has a se lf- lo o p  a ttached  to  i t ,  th is  
must be attached  to each o f the separate nodes formed in the dup lica tion .
An example o f node s p l i t t in g  i s  given in f ig ,  B,2d,
A more d e ta ile d  in troductory  discussion together w ith proofs 
o f these four ru le s  has been given by Adam, 1969^.
On using the above ru les  to  solve the flow graph o f an energy 
lev e l system, the node represen ting  the lev e l whose population is  
being ca lcu la ted  must not be s p l i t  o r elim inated.
To c a lcu la te  the population of the lower lev e l in f ig ,  B .la , 
ru le  4 is  f i r s t  used to  s p l i t  node 1 ,,into two separate nodes ( f ig . B.3a), 
Then the ap p lica tio n  o f ru le  1 followed by ru le  2 leads to  the  flow 
graph shown in  f ig .  B.3b. By inspection  o f th is  flow graph the pumping 
ra te  o f the lower lev e l can be w ritten  down as (R if 12 + R^)* The 
population o f tlie lev e l i s  therefo re  T2 % f i 2 ^2) where %2 is  the 
level l i fe t im e .
B4. A naly tical Method o f Solution
The a n a ly tic a l method fo r  the so lu tion  of flow graphs has been 
discussed by Lorens, 1956^. The procedure involves two main s teps:
(a) recognising a l l  the paths between the ex ternal pupping processes 
and the node rep resen ting  the population under in v estig a tio n ; and
(b) recognising a l l  the loops o f various orders in  the flow graph.
To i l lu s t r a t e  the a n a ly tic a l method of so lu tio n  we consider the  th ree  
lev e l system shown in  f ig .  B.4a, w ith i t s  assoc ia ted  flow graph f ig . B .4b 
A path is  defined as a co lle c tio n  of consecutive branches in  
se rie s  (and a l l  in  the same d irec tio n ) th a t connects the node under 
in v estig a tio n  to  an ex ternal pumping process. A p a r t ic u la r  path  must 
pass only once tlirough each node involved, and the value o f a path i s  
tlie product o f the c o e ffic ie n ts  o f  a l l  the branches involved. In the 
flow graph of f ig .  B.4b, there  are three paths connecting the node 
representing  lev e l m to  the ex ternal punping processes; th ese ,a re  
the path consis ting  o f a s ing le  branch of value the path  v ia node 1
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of value Rifjm , and the path v ia  nodes 1 and 2 o f va!|.ue R^fgifim»
A loop is  a path  which s ta r t s  and fin ish es  in  the same node.
In considering the topographical approach we have seen th a t loops 
are important (ru le  3 ). I t  i s  now necessary to  examine loops in  more 
d e ta i l ,  and to introduce the d e fin itio n s  of f i r s t ,  second, and higher 
order loops.
A f i r s t  order loop is  defined as a loop th a t  comes to  a closure 
w ith no node passed more than once, I t s  value is  given by the product 
o f the co e ffic ie n ts  o f the branches making up the loop.
A second order loop is  defined as being made from two f i r s t  
order loops th a t have no nodes in  common (ie  two non-touching f i r s t  
order lo o p s), and i t s  value i s  the product o f the values of the two 
f i r s t  order loops from which i t  is  made up, (The loops making up a 
second order loop are s t i l l  regarded separate ly  as two f i r s t  order 
loops.)
Third and higher order loops are s im ila rly  defined as being 
th ree  or more non-touching, f i r s t  order loops, and th e i r  values are 
again given by the product of the values o f the  f i r s t  order loops 
from which they are  made, Because the c o e ffic ien ts  are  n ecessarily  
le ss  than u n ity , th i rd  and higher order loops can frequen tly  be 
om itted as a f i r s t  approximation.
A general expression re la tin g  the ne t pumping ra te  fo r any 
one node (leyel) in  the flow graph to  the ex terna l pumping processes
”  ( I ) ' » ) . .  I
R = B---------------------------------------------    , (B .l)
1 -  Ï L (1) + £L (2) -  ZL (3) + . . .
where is  the value o f the n th  path  from an ex terna l pumping process
to  the node considered. The sum over n extends over a l l  paths connecting
the ex terna l pumping processes to  the node;2 L (1) is  the sum over the
values of a l l  the f i r s t  order loops in  the flow g r a p h , (2) i s  the sum
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over the values o f  a l l  tlie second order loops in  the flow graph, e tc : 
and EL (1) is  the sum over th e  values o f a l l  the  f i r s t  order loops in 
the flow graph not touching the n th  path  (ie  having no nodes in  common 
w ith the n th  p a th ), e tc .
The loop occurring in  f ig , B.4b is  the f i r s t  order loop o f value 
fjjijfim» I t  touches a i l  th ree  paths connecting node m to  the ex ternal 
pumping processes. Equation B .l can be applied  d i te e t ly  to  give the 
to ta l  pumping ra te  to  lev e l m as ,
R = (R^ . + R ifim  + R gfz ifim ) /  Cl ~ % flm )«  
M ultip lica tion  o f th is  equation by the lev e l life tim e  (%^ ) gives the 
population o f the lev e l as
N* " TrntBm + + f2iR i)fim }/C l -  fmifim). (B.2)
B.5 Flow Graphs fo r Closed Systems
In the above, we have examined the s itu a tio n  in  which a group 
o f energy lev e ls  Î3 pumped by ex te rn a l punping processes o rig in a tin g  
from outside the system. In th is  section  tlie case in  which a l l  the 
pumping processes are between lev e ls  e x p lic i t ly  included in  the system 
i s  considered. Under such a condition  the populations are sub ject to  
the co n s tra in t Z N, = N, (B.3)i
where the sum extends over a l l  energy lev e ls  in  the system. Hie flow . 
graph fo r such a system i s  closed.
I f  in  the example given in  f ig .  B .la , tlie lev e l from which 
pumping is  taking p lace i s  included in  the system, then the energy 
lev e l diagram and flow graph are as shown in  f ig .  B.5a, b . Since 
the lev e l from which pumping occurs i s  now e x p lic i t ly  included, the 
pumping ra te s  to  the h igher lev e ls  are  described in  the flow graph in 
terms o f branching ra tio s  (and no t by pimping ra te s  as p rev io u sly ).
The flow graph can now be solved to  obtain  the population of
B.8
any one lev e l in  terms o f the  population o f aiiy o ther le v e l. Suppose 
tlia t the population o f lev e l 2 in  terms of the ground lev e l population 
i s  requ ired . A branch in  the flow graph emanating from the ground 
lev e l i s  opened, and the pumping ra te  associa ted  w ith th is  branch 
(which involves the population o f the ground lev e l) i s  in se rte d . The 
flow graph.th erefo re  assumes the appearance of f i g ,  B.6c. I f  the 
an a ly tic a l method is  used, then a l l  paths and loops in  the graph are 
id e n tif ie d  a f te r  the appropriate branch has been opened. The population 
o f level 2 may be obtained by applying e ith e r  the a n a ly tic a l (equation B. l)  
or the topographical method to  f ig .  B.^c. We obtain 
% Norqa (fi2 t  f io roe)
a - fgo)
By opening up d if fe re n t branches i t  i s  possib le  to  obtain the 
population o f any one lev e l in  terms o f any o ther le v e l. Tlius i f  
branch f^g between node 2 and node 1 in  f ig ,  B.5b is  opened, the 
populations o f  lev e l 2 and o f the  ground level in  terms o f  lev e l 1 
can be obtained. Ihe upe o f a d o se d  flow graph in  analysing 
population inversions in  la s e r  systems i s  p a r t ic u la r ly  appropria te , 
since the population of the  upper la s e r  lev e l in  terms o f the 
population o f the lower la s e r  lev e l can read ily  be ex trac ted  from 
the flow graph,
(B.4)
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Figure B .l (a) An open ay a t mi of two energy levels j (b) flow graph 
fo r system .
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Figure B.2 Topographical ru les: (a) branches in  se rie s , (b)branches in  
p a ra lle l,  (c)elim ination of se lf-loop , and (d)node sp li t t in g .
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Figure B=3 (a) Application of ru le  4 to  s p l i t  node 1 of the flow graph 
of f ig . B .l (b). (b) Application of ru les 1 and 2 to  .the flow graph of (a ).
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Figura B.4 (a) Coupling processes fo r three energy lev e ls , (b) Flow graph fo r
(a).
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Figure B,5,
(a)A closed energy 
level system.
(b) Flow graph fo r (a)
(c)Closed flow diagram 
of (b) a f te r  cu tting .
